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Background: Prolong delayed tooth replantation results in the necrosis and damage of 
the root surface periodontal tissue that poses a critical-sized periodontal defect leading 
to the adverse consequences of ankylosis and replacement resorption with eventual 
tooth loss. Our study adopted autologous periodontal ligament cell-based therapy as 
previous studies using physico-chemical methods have not shown to be predictably 
successful.  
 
Aim: This study aimed to evaluate and compare the effect of periodontal cell-sheet 
wrapping and cell dipping co-culturing techniques in periodontal regeneration and 
prevention of ankylosis and replacement root resorption in delayed replanted  teeth in 
dog model. 
 
Methods: Four canine roots each in the negative and the positive control groups were 
endodontically treated, extracted, replanted immediately and after one-hour bench-dry, 
respectively. Eighteen experimental roots were extracted for periodontal fibroblasts 
explant. The latter was subcultured with medium containing 200 μg/ml Ascorbic acid 
while the roots were surface-denuded, endodontically treated, sterilized and conditioned 
with 17% EDTA. These treated roots were either dipped in cell suspension of 10x106 
PDL fibroblasts (8 roots) or cell sheet wrapped (10 roots). The cell-coated roots were 
subsequently replanted according to a submerged protocol. After 6-weeks and 12-
weeks, the roots and the jaw bone were harvested, step-serially sectioned and 
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histomorphometrically evaluated. Statistical analyses were performed using Kruskal-
Wallis and Mann-Whitney U tests.  
 
Results: For the negative control group (N) in which the roots were replanted 
immediately, there was high occurrence of favorable healing (87.19%) and low 
occurrence of replacement resorption (2.81%). For the positive control group (P) where 
the roots were replanted after 60-min bench-dry, there was low occurrence of favorable 
healing (4.17%) and high occurrence of replacement resorption (83.64%). In 
comparison, cell sheet wrapping group (CS) had high occurrence of favorable healing at 
both 6-weeks and 12-weeks (89.50% and 85.63%, respectively) and low occurrence in 
replacement resorption (9.68% and 14.38%). Similarly, cell dipping co-culturing group 
(CD) had high occurrence of favorable healing at both timings (90.35% and 88.44%, 
respectively) and low occurrence in replacement resorption (6.56% and 11.56%). There 
was significant differences between group CS and group P as well as between group CD 
and group P in the occurrence of favorable healing and replacement resorption 
(p=0.002). On the other hand, there was no statistically significant difference between 
group CS as well as group CD and group N in the occurrence of favorable healing 
(p=0.839) and replacement resorption (p=0.454).  There was no significant difference 
between the 6-week and 12-week observations for each experimental group. 
Histologically, the PDL formed appeared to be better organized with increased 
observation period.  
Conclusion: The role of cell-based therapy on critical-sized periodontal defect in 






Tooth loss which is due to either dental injuries or periodontal diseases presents 
increasing socio-economic problems to the dental health landscape. While diseased 
dental pulp could normally be treated by endodontic therapy, the presence of the healthy 
periodontium is crucial for maintaining an intact tooth-bone interface which is essential 
for tooth retention. 
 
Tooth avulsion represents a complex injury of multiple tissue compartments affecting the 
dental pulp and the periodontal attachment apparatus (Andreasen JO and Andreasen 
FM., 2007). Pulp necrosis occurs due to the severing of apical neurovasculature, if not 
revascularized (Kling et al., 1986), could be managed by timely root canal therapy to 
prevent inflammatory root resorption associated with pulpal infections (Trope et al., 
1992). On the other hand, severe attachment injury on root surfaces of avulsed teeth 
with prolonged extra-alveolar conditions could lead to ankylosis and replacement 
resorption with eventual tooth loss (Andreasen et al., 1981). Therefore, the ultimate goal 
for tooth retention would be the regeneration of the vital periodontal tissue constituting a 
stable tooth-bone interface. 
 
To date, different physico-chemical methods have been investigated by other  
investigators (Andreasen & Andreasen 1997, Trope et al., 2002) and our group (Sae-Lim 
et al., 1998, Wong and Sae-Lim 2002, Khin and Sae-Lim 2003, Lam and Sae-Lim 2004) 
to prevent ankylosis and replacement resorption in the delayed replanted teeth model 
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simulating a critical size periodontal defect. The anti-inflammatory and anti-resorptive 
agents which are used as pharmacological modulators for the initial inflammatory 
response to minimize the susceptible area for replacement resorption (Sae-Lim et al., 
1998, Wong and Sae-Lim 2002, Khin and Sae-Lim 2003) as well as the inductive 
regenerative therapy (Lam and Sae-Lim 2004, Sae-Lim et al., 2004) did not show 
complete breakthrough results although there is lower occurrence of replacement 
resorption with variable healing pattern (Panzarini et al., 2008).  
 
It has been suggested that cell-based therapy to functionally restore the damaged 
periodontal tissue could ultimately inhibit replacement resorption (Sae-Lim et al., 2004). 
Earlier studies demonstrated that application of autologous periodontal ligament cell 
sheet could facilitate periodontal regeneration in experimental alveolar bone defects in 
arthymic rats (Hasegawa et al., 2005) and beagle dogs (Akizuki et al., 2005). Therefore, 
the aim of this study was to evaluate and compare the effect of periodontal cell-sheet 
wrapping and periodontal cell dipping co-culturing techniques in periodontal healing and 













2.1.1 Structure and organization of periodontium 
 
Periodontium is defined as the tissues supporting and investing the tooth (Fig.1). It 
consists of cementum, periodontal ligament (PDL), alveolar bone and gingiva. It provides 
the support necessary to maintain teeth in adequate function and also has nutritive, 
formative and sensory functions.     
 
2.1.2 Development of periodontium 
 
The functioning periodontium is derived from the ectomesenchyme (Ten Cate et al., 
1997). In the cap and bell stage of tooth development, ectomesenchyme of the dental 
papilla continues around the cervical loop of the enamel organ to form an investing layer 
around the developing tooth. Cells from this layer give rise to cementoblasts, fibroblasts 





The gingiva is part of oral mucosa that covers the tooth-bearing part of the alveolar bone 
and the cervical part of the tooth. The gingival epithelium can be junctional, oral or 
sulcular depending upon the various locations. Underlying the gingival epithelium, there 
is gingival connective tissue which attaches the gingiva to the tooth surface and alveolar 
bone. It contains gingival fibroblasts which are responsible for producing connective 
elements like collagen type I, III, V, VI, VIII and non-collagenous proteins such as 
fibronectin, tenascin, elastin, osteonectin. These gingival fibroblasts also play important 




Cementum is an avascular mineralized tissue located on the outer surface of the root 
structure. The composition of the cementum is similar to that of bone.  It contains 45% to 
50% inorganic components and 50% organic components which include collagens such 
as Types I, III, and XII and non-collagenous matrix proteins including alkaline 
phosphatase, bone sialoprotein, fibronectin, osteocalcium, osteopontin, and 
proteoglycans (Nanci and Somerman 2003). Two apparently unique cementum 
molecules are cementum attachment proteins, which is an adhesion protein and a 
cementum-derived growth factor, which is an insulin-like growth factor have been 
recently identified (Zeichner-David 2006). However further studies are needed to confirm 




Cementum comprises two forms that have different structures and functions, namely 
acellular cementum, which provides attachment for the tooth, and cellular cementum, 
which has an adaptive role in response to tooth wear and movement and is associated 
with repair and regeneration of periodontal tissues 
 
Cementoblasts are spindle or polyhedral shaped cells with basophilic cytoplasm and 
ovoid nuclei and usually oriented parallel to the root surface. These cells are active or 
resting according to the relative amount of cytoplasm (Yamasaki et al., 1987). 
Cementoblasts produced the organic matrix of the cementum like intrinsic collagen fibers 
and ground substance, while extrinsic fibers like Sharpey‟s fibers are formed by PDL 
fibroblasts (Selvig 1965). The cellular cementum is formed when the cementoblasts are 
incorporated into the mineralizing front. The deposition of cementum occurs throughout 
the life at a speed of 3 μm per year (Zander and Hurzeler 1958).    
   
2.1.5 Periodontal ligament 
 
The PDL is soft, specialized connective tissue situated between the cementum covering 
the root of the tooth and the alveolar bone. The PDL width ranges from 0.15 to 0.38 mm 
and the thinnest portion is around the middle third of the root. The function of the PDL 
can be divided into five categories: 1, supportive, 2, formative, 3, resorptive, 4, sensory, 
5, nutritive (Rudy 2000). The PDL plays a role in supporting the teeth in their sockets 
and permitting them to withstand the considerable forces for mastication. The PDL also 
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has the important function of acting as a sensory receptor, which is necessary for the 
proper positioning of the jaws during normal function.  
 
The PDL consists of cells and a collagenous and noncollagenous extracellular matrix. 
The cell population comprises fibroblasts, epithelial cell rests of Malassez, osteoblast 
and osteoclast, cementoblast, macrophages and undifferentiated mesenchymal cells. 
The extracellular compartment consists of well-defined collagen fiber bundles embedded 
in ground substance comprising among others glycosaminoglycans, glycoproteins, and 
glycolipids (Jansen 1995).  
 
Fibroblasts are the principal cells of the periodontal ligament. They are responsible for 
the production of the extracellular matrix components and the maintenance of the 
periodontal ligament. The PDL fibroblasts are large cells with an extensive cytoplasm 
containing in abundance of all the organelles associated with protein synthesis and 
secretion. Active fibroblasts have oval, pale-staining nuclei and a relative greater amount 
of cytoplasm, while resting fibroblasts are elongated cells with little cytoplasm and 
flattened nuclei. The PDL fibroblasts are different from gingival fibroblasts or dermal 
fibroblasts. Firstly, the former are hypothesized to be progenitor cells for the different 
specialized cell type within periodontium. Secondly, periodontal fibroblasts comprise of 
different subtypes with different phenotype (Bartold and Narayanan 2000). One of them 
is osteoblast-like cells that produced alkaline phophatase and able to form mineralized 
nodules in vitro. This reported phenotype is important because it has been suggested 
9 
 
that the subtype could be progenitor cells of cementoblasts and respond to produce 
mineralized Sharpey‟s fibers.  
Epithelial rest of Mallassez is a network of epithelial cells in the PDL positioned close to 
the root surface. These cells originate from the successive breakdown of the Hertwig‟s 
epithelial root sheath during root formation. These cells have been suggested t o play a 
role in the PDL homeostasis (Hasegawa et al., 2003) and in defense system of the PDL 
against invading bacteria from the root canal.  
     
2.1.6 Alveolar bone 
 
Alveolar bone is a specialized part of the mandible and maxillary bones that forms the 
primary support structure for the teeth (Sodek 2000). It forms during tooth eruption to 
provide the osseous attachment to the forming PDL and it disappears gradually after 
tooth loss (Newman 2002). Alveolar bone is made up of three components: 1, the 
alveolar bone proper which provides attachment for either the dental follicle or the 
principle fibers of the PDL (Bhaskar 1976); 2, the cortical bone which form the outer and 
inner plates of the alveolar process; 3, the cancellous bone and bone marrow which 
occupy the area between the cortical bone plates and lamina dura lining the teeth. The 
function of the lamina dura is to anchor the roots of teeth to the aveoli, which is achieved 
by the insertion of Sharpey‟s fiber into the AB proper (Moon-IL 2000). In addition, bone 
marrow plays an important role in osteogenesis in which the stromal cells of bone 
marrow stroma can manifest osteogenic activity when stimulated by trauma (Iwamoto et 
al., 1993).  
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Alveolar bone consists of about 65% inorganic and 35% organic material. The inorganic 
material is hydroxyapatile, whereas the organic material is primarily type I collagen, 
which lines in the ground substance of glycoproteins and proteoglycans (Orban and 
Bhaskar 1991).  
 
Osteoblasts are cells that play a role in production and maintenance of the bone 
extracellular matrix (Schroeder 1991). They originate from pluripotent stem cells of 
ectomesenchymal origin. Osteoblasts will embed in their own produced matrix and 
become osteocytes. Osteoclasts are also cells within the alveolar bone process. They 
are developed from fusion of cells from monocyte/macrophage lineage of hematopoitic 
cells derived from bone marrow. Osteoclasts are responsible for resorption of bone 
(Moon-IL and Garant 2000). During the resorption, they will become polarized and form 
a ruffled border where resorption process takes place (Schroeder 1991). 
 
2.2 Wound healing 
 
Wound healing is defined as a reaction of any multicellular organism on tissue damage 
to restore the continuity and function of the tissue or organ. Traumatic dental injuries 
usually imply wound healing in the periodontium, the pulp and associated soft tissues. 
Wound healing is a dynamic, interactive process involving cells and extracellular matrix 
(Douglas and Miller 2003). It is dependent on intrinsic as well as extrinsic factors. Wound 
healing can be divided in three phases, namely the inflammation, the proliferation and 
the remodeling phases (James and Shingleton 1995). The inflammation phase can be 
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subdivided into a hemostasis phase and an inflammatory phase. However, wound 
healing is a continuous process in which the phases can overlap and are not clear 
distinct (Douglas and Miller 2003).    
 
2.2.1 Phases of wound healing 
 
a) Inflammation phase  
 
Tissue injury results in disruption of blood vessels and extravasation of blood 
constituents. Following the initial vasoconstriction, a vasodilation happens to support the 
migration of inflammatory cells into the wound area (James and Shingleton 1995). The 
extrinsic and intrinsic coagulation cascades are then activated to form blood clot at the 
wound site, which stimulates hemostasis and initiates healing process (Stadeimann et 
al., 1998). After thrombin is formed from prethrombin, it cleaves the fibrinogen molecule 
to fibrin, resulting in the conversion of clot into a fibrin clot. Fibrin has its main effect in 
angrogenesis and the resoration of vascular structure begins. Neutrophils, lymphocytes 
and macrophages are the first cells to arrive at the injury site to protect against the 
infection and to cleanse the wound site of cellular matrix debris and foreign bodies 
(James and Shingleton 1995).  
   




The proliferative phase is characterized by fibroblast proliferation and migration and the 
production of extracellular matrix components (James and Shingleton 1995). It starts at 
day 2 and continues to two to three weeks after the trauma. In response to 
chemoattractants produced by inflammatory cells in the inflammation phase, fibroblasts 
migrate to the wound site from day 2 to day 4 after injury. Fibroblasts are responsible for 
production of granulation tissue which collagen-rich new stroma (Douglas and Miller 
2003). They also produce and release proteoglycans and glycosaminoglycan, which are 
important components of extracellular matrix of the granulation tissue (Coleman et al., 
1997).  
 
At the same time, fibroblasts and endothelial cells divide and cause numerous new 
capillary enter the wound site with granulation tissue, leading to angiogenesis (Hunt 
1990). Simultaneously, the basal cells in the epithelium divide and move into the wound 
site and close the defect. Along with revascularization, new collagen is formed after 3-5 
days, and high rate of collagen production continues for 10-12 days, resulting in 
strengthening of the wound. At this time healing tissue is majored by capillaries and 
immature collagen. Once an abundant collagen matrix has been deposited in the wound, 
the fibroblasts stop producing collagen, and the fibroblast rich granulation tissue is 
replaced by an acellular scar.      
  




The remodeling phase starts 2-3 weeks after wound closure. During this phase, when 
the granulation tissue is covered by epidermis, it is remodeled and matured to a scar 
formation. This results in a decrease in cell density, numbers of capillaries and metabolic 
activity. The collagen fibrils will be united into thicker fiber bundles. The arrangement of 
collagen fiber bundles is different between normal and scar tissue (Stadeimann et al., 
1998).   
 
2.2.2 Wound healing in extraction socket 
 
There are five overlapping stages governing the wound healing in an extraction socket. 
In the first stage, a coagulum consisting of erythrocytes and leukocytes migrate in 
precipitated fibrin which is formed after hemostasis is established. In the second stage, 
granulation tissue is formed along the socket walls about two to three days 
postoperative. This is characterized by the proliferating endothelial cells, capillaries and 
leukocytes in the socket wall. PDL fibroblasts immigrate into the coagulum and 
differentiate into osteoblasts (Lin et al., 1994). Granulation issue has usually replaced by 
the coagulum within 7 days. In the third stage, connective tissue comprising cells, 
collagen and reticular fibers is formed and replace the granulation tissue within 20 days. 
In the four stage, alveolar healing by cancellous bone and bone marrow starts from the 
periphery at the base of the alveolus at day-7 postoperative (Simpson 1969). The socket 
is almost completely occupied by immature bone by 38 days. Bone trabeculation is 
formed at two to three months, and bone maturation is completed after 3 to 4 months 
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(Evian et al., 1982). In the stage 5, epithelial repair for wound closure begins at day 4 
after extraction and is completed after 24 days.       
 
2.2.3 Periodontal healing after tooth replantation 
 
Normal healing events immediately following tooth replantation has been studied in the 
non-human primate model (Andreasen 1980). During the avulsion, the PDL fibers are 
ruptured midway between the alveolar bone and the root surface. This is followed by the 
formation of a coagulum between the two parts of the severed PDL. At three days, the 
gap in the middle of the PDL is filled with proliferating fibroblasts and blood vessels. At 
seven days, a new junctional epithelium and the continuity of severed PDL is 
reestablished. After 2 weeks, there is substantial number of principal fibers and the 
mechanical strength of the PDL is around 50-60% of normal PDL. At 8 weeks, the 
injured PDL can not be distinguished histologically from an injured PDL (Mandel and 
Viidnik 1989).    







Tooth avulsion is a traumatic injury to the tooth that refers to total displacement of the 
tooth out of its socket (Andreasen 1994). The incidence ranges from 0.5 to 16% in 
permanent teeth and 7 to 17% in primary teeth. The most frequent occurrence involves 
children 7-11 years old because of a more loosely structured PDL and bone surrounding 
an erupting tooth. The more frequently involved teeth are the maxillary central incisors. 
The main etiological factors are from falls, vehical accidents, assaults and fights, and 
sport injuries. In the Singapore context, avulsion injuries are 25% of injuries to 
periodontal tissue with or without concomitant injuries to the dental hard tissue (Sae-Lim 
and Yen 1997). 
   
2.3.2 Sequelae of replanted avulsed tooth 
 
The pathology of tooth avulsion comprises of the pulp and periodontal sequelae (Fig.3).  
 
a) Pulp sequelae 
 
In the tooth avulsion, the apical neurovascular bundle is severed and the pulp is necrotic 
(Trope 1995). In immature teeth, pulp revascularization may occur with chances ranging 
from 16% to 36% (Kling 1986, Andreasen et al., 1995). In addition, revascularization 
leading to continued root development was more frequent in teeth with shorter distances 
from the apical foramen to the pulp horns. In mature teeth, revascularization is 
impossible and pulpal necrosis will occur. Pulp infection in a replanted tooth may result 
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in a sustained inflammatory stimulus, leading to inflammatory root resorption (Andreasen 
1981). Radiographically, inflammatory root resorption is characterized by loss of root 
substances, with bowl shaped lesions known as Howship‟s lacunae, penetrating 
cementum and dentin. Histologically, the dentin tubules are filled with microorganisms 
and the periodontal ligament was infitltrated with granulation tissue with lymphocytes, 
plasma cells, and polymorponuclear leukocytes (Andreasen 1981, 1994).  
 
b) Periodontal sequelae 
 
There are four different healing modalities in the PDL of replanted teeth: 1, healing with 
a normal PDL, 2, healing with surface resorption (repair-related resorption), 3, healing 
with replacement resorption (ankylosis), and 4, healing with inflammatory resorption. 
  
- Healing with a normal PDL 
 
Presence of viable PDL cells along the root surface results in the complete regeneration 
of the PDL after about 4 weeks. Radiographically, it is characterized a normal PDL 
space without signs of root resorption. Clinically, the tooth has normal mobility and a 
normal percussion tone can be elicited. Immediate replantation after tooth avulsion 
results in optimum healing with reorganization of PDL fibers and histologically normal 
appearance (Andreasen 1981).  
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- Healing with surface resorption 
 
Histologically, it is characterized by localized areas long the root surface which show 
superficial resorption lacunae confined to the cementum (Andreasen 1976). This 
represents that localized areas of damage to pediodontal ligament or cementum are 
healed by PDL-derived cells. Surface resorption is not progressive and self-limiting with 
formation of new cementum.  Radiographically, surface resorptions are usually not 
disclosed due to their small size. Clinically, the tooth is in normal position and a normal 
percussion tone could be elicited.  
 
- Healing with replacement resorption  
 
Histologically, replacement resorption is characterized by a fusion of the alveolar bone 
and the root surface. It can be observed after 2 weeks replantation in monkey studies 
(Andreasen 1980). This is due to the absence of a vital periodontal ligament cover on 
the root surface. Depending the extent of damage to PDL cover the root surface, the 
replacement resorption can be subdivided into either progressive replacement 
resorption, which gradually resorbs the entire root, or transient replacement resorption, 
in which a once-established ankylosis later disappears. Progressive replacement 
resorption is resulted when the entire PDL is removed or after extensive drying of the 
tooth before replantation (Andreasen 1981a, Andreasen 1981b). In addition, damaged 
PDL repopulated from adjacent bone marrow cells, which have osteogenic potential 
consequently result in an ankylosis (Andreasen 1975). Transient replacement resorption 
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is related to areas of root surface with minor damage. The ankylosis is formed initially 
and later resorbed by adjacent area of vital PDL (Andreasen 1981c).  
 
Radiographically, replacement resorption is characterized by lost of the normal 
periodontal space and continuous replacement of root substance with bone. 
Replacement resorption can be observed radiographically 2 months after replantation, 
however in most cases 6 months or 1 year (Andreasen 1995). Clinically, the ankylosed 
tooth is immobile and the percussion tone is high. The percussion test can reveal 
replacement resorption before it can be observed radiographically.   
 
- Healing with inflammatory resorption  
 
Histologically, inflammatory resorption is observed as bowl-shaped resorption cavities in 
cementum and dentin with inflammatory reaction which consists of granulation tissue 
with numerous lymphocytes, plasma cells, and polymorphonuclear leukocytes 
(Andreasen 1978). The root surface adjacent to the areas undergoes intense resorption 
with numerous Howship‟s lacunae and osteoclasts. Radiographically, inflammatory 
resorption is characterized by radiolucent bowl shaped cavitations along the root surface 
with corresponding excavations in the adjacent bone. Clinically, the replanted tooth is 
loose, extruded and sensitive to percussion.    
 
2.3.3 Factors affecting pulp and periodontal healing 
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a) Pulp healing 
 
- The width and length of root canal 
 
There is a relationship between the diameter of the apical foramen and the chance of 
pulp revascularization. An apical diameter of less than 1 mm  is a limiting factor in pulpal 
revascularization after replantation (Andreasen et al., 1995).   
 
- Storage period and storage media 
 
Another significant relationship is the strong dependence between storage period and 
media and pulpal healing (Andreasen et al., 1995). This may be due to the detrimental 
effect of cellular dehydration during dry storage on the apical portion of the pulp or by 
damage incurred by non-physiologi storage. With non-physiologic storage, the chances 
of pulpal revascularization are minimal. With storage in physiological media such as 
saline, saliva or milk, there is only a weak relationship between the duration of storage 
and chances of pulpal revascularization (Andreasen et al., 1995).  
 




- Extra-oral period 
 
The length of the dry extra-alveolar period seems to be the most crucial to be correlated 
to both the extent and progression of root resorption. In a study of 400 teeth replanted 
after traumatic injury, 73% of the teeth replanted within 5 min demonstrated PDL healing 
whereas PDL healing occurred in only 18% when the teeth were stored prior to 
replantation. These findings are collaborative with animal experiment teeth allowed to 
dry out for varying periods (Andreasen 1981).  The presence of vital PDL cells on the 
avulsed teeth is crucial for normal healing of the replanted avulsed teeth (Cvek 1974). In 
tooth avulsion, a healing complication relates to the degree of viable PDL membrane 
cover on the root surfaces (Andreasen 1978). Extra-oral dry time approximately 30 
minutes to 60 minutes leads to significant necrosis of PDL cells, leading to replacement 
resorption (Andreasen 1995).     
 
- Storage media 
 
Dry storage results in cell necrosis and compromised healing (Andreasen 1980, 
Andreasen 1981). Teeth prevented from dying will heal with a normal ligament (Blomlof 
et al., 1981). Tap water should be avoided as it causes quick cell death. The positive 
effect of saliva for shorter storage period has been reported (Blomlof 1981). Milk, saline, 
Hank Balance Salt Solution, Viaspan have been shown as good storage media in a 




Rigid and longer splinting times (more than 10 days) tend to increase the progression of 
replacement resorption whereas flexible splint may stimulate repair process (Kinirons et 
al., 1999).  
 
- Socket environment 
 
Trope et al (1997) demonstrated that change in the socket after avulsion results in the 
vastly different success rates in healing outcome. The healing patterns vary when 6-hour 
stored teeth were replanted into 6, 48, and 96 hrs sockets. The incidence of replacement 
resorption increases as the socket age increases.    
 
The removal of a part of the socket wall was also shown to result in delayed root 
resorption after replantation (Oswald et al., 1980). Bone removal increases the distance 
between the root and the bone, so longer time is needed for new bone to transverse to 
reach the root surface. 
  
There is controversy about the removal of the blood clot before replantation of the tooth. 
Andreasen et al (1980) demonstrated no significant difference in periodontal healing in 
teeth replanted with or without removal of the coagulum in the alveolar socket. On the 
other hand, Masson et al (1987) found that coagulum removal by irrigating for haft-an-
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hour with saline resulted in a lower degree of ankylosis and resorption. The continuous 
irrigation from extraction to replantation could prevent contamination of the socket, 
resulting in reduced inflammatory process, which could lead to better healing.  
 
- Stage of root development 
 
The PDL tissue is thinner when the root formation is more mature. Therefore, it is 
possible to explain the correlation between root formation and development of root 
resorption (Andreasen 1995). A thick periodontal ligament, which can tolerate a certain 
dry period before the critical cell layers next to cementum are necrotic, demonstrated 
less dependence upon dry storage (Andreasen 1987).  
   
- Contamination of root surface 
 
The extent of contamination of the root surface prior replantation and cleansing 
procedure were found to be highly significant PDL healing. Therefore, it is suggested 
that a short rinsing with tape water or saline.  
 




- Minimizing additional damage after injury 
In the event of injury, there are some important steps to minimize further damage to the 
PDL. Replanting the tooth immediately within 20 minutes extra-oral dry time after 
avulsion will result in complete healing with a re-established PDL, or a few areas of 
ankylosis (Andreasen 1981). In reality, this is usually not possible and most teeth are 
subjected to delayed replantation from 30 to 60 minutes extra-alveolar fry period and 
lead to replacement resorption. In this case, storing the avulsed tooth in the suitable 
storage media such as saliva, milk, Hanks Balanced Salt Solution (HBSS), Viaspan or 
saline (Trope et al., 1992) has been suggested by International Association of Dental 
Traumatology in 2007. Milk is widely recommended due to easy availability, physiologic 
osmolality and less bacterial content. It has been shown that 71% of PDL cells are still 
viable after 3 hrs in milk and 50% of PDL cells are viable after 12 hrs. Other storage 
media like HBBS, which is a sterile physiologically balanced isotonic solution and 
Viaspan, a transplant organ medium have been shown to be superior to milk. Storage 
the avulsed teeth in the medium could vitalize 70% of PDL fibroblasts after 48 hrs (Trope 
et al., 1992).  
            
- Inhibiting the inflammatory process  
 
In order to reduce further PDL damages and stimulus of resorption, the inflammatory 
process needs to be minimized. Gentle rinsing of the tooth and socket could aid in 
controlling contamination of the root surface and socket (Masson et al., 1987). The use 
of antibiotics systematically or locally has been demonstrated to reduce the infectious 
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process, resulting in enhancing healing outcome and reducing replacement resorption. 
For example, 5-minute soaking in doxycycline significantly reduced the occurrence of 
root resorption (Cvek et al., 1980). However, this effect was higher for teeth dried for 30 
minutesn compared to those dried for 60 minutes. Corticosteroid like dexamethasome 
(Sae-Lim et al., 1998) and a glucorticoid-antibiotic paste such as Ledermix (Wong et al., 
2002; Bryson et al., 2002) have been used to control the inflammatory process. In cases 
where pulpal infection is expected, root canal treatment should be instituted to arrest 
pulpal infection which can be a possible stimulus for inflammatory resorption, and  
avulsed teeth should be endodontically treated within 7-10 days of injury (Trope et al., 
1995, Sae-Lim et al., 1992).         
 
- Slowing down replacement resorption 
 
In delayed replanted teeth, replacement resorption could be delayed by inhibiting the 
resorptive process. Removing the remaining PDL debris from the root surface by 
curettage or the use of acid is shown to be benefit. Soaking the avulsed tooth in 2% 
neutral sodium fluoride for 5 minutes could also slow down the replacement resorption 
(Gulinelli et al., 1989).  
 
Alendronate (ALN) is a biophosphonate currently used to inhibit pathologic osteoclast-
mediated hard tissue resorption in disease states. It has been demonstrated that 
soaking dog roots dried for 40 or 60 minutes in HBSS followed by alendronate had 
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statistically significantly more healing and less replacement resorption than the roots 
soaked in HBSS alone (Levin et al., 2001).  
 
Calcitonin is a hormone secreted by the parafollicular cells of the thyroid gland. It causes 
contraction of osteoclasts and inhibits their activity. Topical use of calcitonin placed in 
the root canal has been shown to be effective in controlling inflammation related to root 
resorption (Pierce et al., 1988). Tetracycline has also innate anti-resorptive properties by 
its inhibitory effects on collagenase. Systemic administration of tetracycline in dogs 
resulted in significantly more replanted teeth with over 50% complete healing sites 
compared to the groups with systemic amoxicillin and the control group (Sae-Lim et al., 
1998).   
 
- Stimulating regeneration of periodontal ligament and cememtum 
 
Another approach in order to prevent replacement resorption is to stimulate regeneration 
of periodontal ligament and cementum. In order to regenerate the tissues, three main 
components, namely the molecular signals, stem cells and the extracellular matrix, are 
required. Once the PDL has been destroyed during tooth avulsion, the cell surface can 
be repopulated by either cementum or PDL-derived cells resulting in optimal healing, or 
by cells from the bone marrow resulting in root resorption (Blomlof and Lindskog 1994). 




Emdogain is a commercially available product of enamel matrix proteins from developing 
pig teeth that has been shown to promote periodontal ligament proliferation. Emdogain is 
inductive for acellular cementum formation on traumatized root surface. Igbal and 
Bamaas (2001) have shown that Emdogain could double the favorable healing in dogs 
teeth dried for 60 minutes. Araujo et al (2003) subsequently failed to demonstrate a 
benefit in healing after soaking roots in Emdogain. Using a monkey model, Lam and 
Sae-Lim (2003) reported that application of Emdogain onto necrotic PDL or after 
removal of necrotic PDL and/or conditioning did not result in significant reduction of 
replacement resorption compared to teeth replanted after 1-hour bench dry.    
    
Sae-Lim et al (2004) evaluated the effect of topical application of bFGF with or without 
fibrin glue on delayed-replanted monkey teeth prone to replacement resorption. The 
study demonstrated that bFGF/fibrin glue have higher occurrence of complete healing 
compared to the bFGF group and the teeth replanted after 1-hour bench dry, however 
the differences were not significant.  
 
 2.4 Periodontal regeneration 
 
Regeneration is a biological process to restore completely the structure and function of 
the disrupted or lost tissue (Andreasen 1994). The prerequisites for regeneration are the 
recruitment of tissue-specific cell population after injury-repopulating root surface with 
PDL cells enables periodontal regeneration (Nyman et al., 1982). It has also been 
suggested that cementum formation is a prerequisites for periodontal tissue regeneration 
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(Karring et al., 1993). Periodontal regeneration involves cementogenesis, osteogenesis 
and the insertion of functionally oriented connective tissue fibers into both newly formed 
cementum and alveolar bone (Murakami et al., 1999), and requires a triad components 
namely biomaterials, biomolecules and cells (Nakahara 2005).  
    
2.4.1 Biomaterials 
 
Biomaterials for conductive, inductive, and cell-based tissue replacement therapies are 
developing (Murphy and Mooney 1999). First generation biomaterials are biodegradable 
or nondegradable scaffolds that can be used as space-filling matrices for tissue 
development or barriers to epithelial cell migration. The second generation biomaterials 
are designed to be either resorbable or bioactive and the third generation biomaterials 
are combining these two properties.  
 
There are two routes of repair with the use of bioactive biomaterials. In one approach, 
tissue engineering is performed before transplantation whereby the cells are seeded on 
to the scaffolds and grown in vitro and become differentiated and mimic naturally 
occurring tissues. In another approach, tissue engineering is performed after 
implantation in vivo whereby the biomaterials in the form of powders, solution, or 
microparticles are used to stimulate local stem cell recruitment (Hench and Polak 2002).  




- Growth and differentiation factors 
 
Growth factors and cytokines regulate adhesion, migration, proliferation and 
differentiation of various tissue-specific cells, and could facilitate the regeneration 
process. Growth factors applied to tooth surfaces have been recently used to facilitate 
new cementum and connective tissue formation. Bone morphogenic proteins (BMP-12) 
and bFGF have been used to regenerate periodontal attachment and alveolar bone in 
periodontal defects animal models (Wikesjo et al., 2004, Nakahara et al., 2003). In 
addition to single growth factor preparation, mixtures of growth factors such as those 
present in platelet-rich plasma (Sammartino et al., 2005) and Emdogain have been 
advocated in promoting periodontal regeneration (Hejli et al., 1997).       
 
- Gene therapy 
 
Gene-based method involve the introduction of a gene encoding a specific therapeutic 
protein into the target cells to increase local delivery of the protein at the defect site. 
However, the approach faces to major drawbacks such as mutagenesis, carcinogenesis, 
and immune response to the viral vector etc (Nakahara 2006). Gene delivery of platelet-
derived growth factor (PDGF) (Jin et al., 2004) and BMP-7 (Jin et al., 2003) has been 
investigated in regeneration of   periodontal attachment and alveolar bone in periodontal 




2.4.3 Cell-based approaches 
 
Andreasen and Kristerson (1981) evaluated many transplanted connective tissues as 
possible potential PDL substitutes to prevent replacement resorption and induce 
formation of a new PDL and cementum. The tissues included PDL tissue, gingival tissue, 
follicular tissue, periosteum, mucosal connective tissue, cutaneous connective tissue 
and fascia. All were placed into cavities generated in denuded root surfaces and 
replanted. Autotransplanted cutaneous and mucosal connective tissue, as well as 
periosteum and fascia, were all found to partially prevent ankylosis by forming a fibrous 
barrier between the root surface and the alveolar bone. However, no new cementum 
was formed. PDL transplants, dental follicular tissue and possibly gingival connective 
tissue were the only tissues enable to prevent ankylosis and form a hard tissue 
cementum-like tissue. This study suggested the possibility of cell-based therapy in 
periodontal regeneration. Further studies demonstrated that repopulating the exposed 
root surfaces with cells derived from PDL could stimulate the regeneration of periodontal 
tissues (Melcher 1970, 1976, Nyman et al., 1982).   
 
2.4.3.1 Cell-based therapy in periodontal defects 
 
Recently, a number of studies using cultured method of PDL cells to regenerate 
periodontal attachment and alveolar bone in artificially created periodontal defects have 
been reported. Van Dijk et al (1990) injected cultured autologous PDL fibroblasts directly 
onto periodontal defects and found that the seeded cells could prevent down growth of 
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epithelium into the defects with some signs of periodontal regeneration. In a dog model, 
PDL cells cultured from proliferating periodontal defects were mixed with autologous 
blood coagulum and implanted into artificially periodontal defects. The result showed 
that the mixture could promote cementum and PDL formation at the margins of the 
periodontal defects (Dorgan et al., 2003). Nakahara et al (2004) seed PDL cells onto 
collagen sponge scaffolds and replanted them into periodontal defects in dogs. The 
results demonstrated formation of new cementum islands and PDL within the defects. 
Akizuki et al (2005) developed periodontal cell-sheet techniques and showed that the 
constructs stimulated new formation of cementum, PDL, and bone in periodontal defects 
in dogs. Similarly, human PDL fibroblasts were cultured in cell-sheet form and replanted 
in artificially created periodontal defects in immuno-compromised rats. Their results 
showed periodontal regeneration in transplanted sites after 4 weeks (Hasegawa et al., 
2005).    
 
2.5 Potential cell sources for cell-based therapy in delayed tooth replantation   
 
2.5.1 Cell sources for periodontal regeneration 
 
- Periodontal ligament-derived mesenchymal stem cells 
 
It is reported that there is a population of paravascular stem cells in the PDL which 
remains stable throughout wound healing and provides a front of new cells that migrate 
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towards the wound and then divide (Gould et al., 1977, 1983). It is possible that these 
progenitor cells placed in the middle of the PDL supply the fibroblast population. On the 
other hand, progenitor cells are found to be close to the alveolar bone and could develop 
into osteoblasts (Mccullouch et al., 1991). Cementoblast progenitors have not yet been 
identified but there is evidence that the progenitors are located away from blood vessels.  
 
Recently, multipotent adult stem cells from human periodontal ligament (PDLSCs) have 
been successfully isolated from extracted human permanent teeth (Seo et al., 2004). 
The PDLSCs are capable of regenerating a cementum/PDL-like structure when 
transplanted into immunocompromised mice using HA/TCP as a carier. Liu et al., (2008) 
further demonstrated that PDLSCs were capable of regenerating periodontal tissues 
when transplanted into surgically created periodontal defect, suggesting a favorable 
treatment for periodontitis. Since PDLSC are relatively easy isolated from a very 
accessible tissue resource, we speculated that PDLSCs could also be further 
investigated as a potential candidate for clinical application. 
 
- Gingival fibroblasts 
 
Soder et al (1978) have firstly shown that multicellular organization of gingival fibroblasts 
can be established on previously naked root surfaces in vitro. However, they also 
suggested that further studies more necessary to determine whether these cells can 
function as a periodontal ligament after transplantation. Subsequently, Nyman et al 
(1980) demonstrated that cells from gingival connective tissue established contact with 
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the “exposed” root surface but induced neither formation of cementum nor connective 
tissue attachment. Fend et al (1995) subsequently found that the placement of gingival 
fibroblasts-hydroxyapatile (GF-HA) complex grafts into periodontal defects of 
periodontitis subjects did result in a significant clinical attachment gain and radiographic 
bone filling. Recently, the case study of Hou et al (2003) has shown that GF-HA treated 
sites could achieve marked pocket reduction, probing attachment gain, and good clinical 
bone filling. However, one HA-treated site was filled with connective tissue only, and the 
absence of new bone.   
 
- Dental pulp-derived stem cells  
 
Dental pulp has long been recognized as a source of adult stem cells, which are 
involved in pulp-dentin repair after injury. Current research indicates that dental pulp 
stem cells are as clinically useful as those found in other parts of the body. Dental pulp 
stem cells are not only isolated from a very accessible tissue source, but also capable of 
providing enough cells for potential clinical application. The relative ease of dental pulp 
stem cells isolation further justifies the potential importance of these cells for clinical 
therapy. 
 




Human dental pulp derived stem cells (DPSCs) were initially identified on the basis of 
their traits of forming single colonies in culture, self-renewal in vivo, and multipotential 
differentiation in vitro and in vivo (Gronthos et al. 2000). It has been shown that ex vivo 
expanded DPSCs expresses dentin sialophosphoprotein (DSPP), a dentin specific 
marker, suggesting that the clonogenic dental pulp-derived cells represent an 
undifferentiated pre-odontogenic phenotype in vitro. In addition, xenogeneic transplants 
containing HA/TCP with DPSC generated donor-derived dentin-pulp like tissues with 
distinct odontoblasts layers lining the mineralized dentin-matrix (Gronthos et al., 2000). 
Prescott et al., (2008) further demonstrated that dental pulp-like tissue could be 
generated in vivo by subcutaneously transplanting in mice of DPSC, a collagen scaffold, 
and dentin matrix protein 1. 
 
- Dental pulp stem cells in primary teeth 
 
Miura et al (2003) subsequently found that human exfoliated deciduous tooth contains 
multipotent stem cells (SHEDs). SHED were identified to be a population of highly 
proliferative, clonogenic cells capable of differentiating into a variety of cell types 
including neural cells, adipocytes, and odontoblasts in vitro and in vivo. SHED has also 
been shown to express DSPP and generate dentin-pulp like tissue in xenogenenic 
transplants containing HA/TCP (Miura et al., 2003). Cordeiro et al (2008) further showed 
that pulp-like tissue was formed when SHEDs seeded in biodegradable scaffolds 
prepared within human tooth slices were transplanted into immunodeficient mice. In the 
recent study of Gotlieb et al, SHEDs were seeded on a synthetic D,D-L,L-polylactic acid 
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scaffold with or without the addition of BMP-2 and TGF-β1 and implanted within 
endodontically treated teeth after cleaning and shaping. An ultrastructural examination 
by SEM revealed evidence of pulp-like tissue, suggesting possibility of regenerative 
endodontic treatment using the cleaning and shaping of root canals followed by the 
implantation of vital dental pulp tissue constructs created in the laboratory. 
 
2.5.2 Cell sources for cemental regeneration 
 
Recent studies have suggested that cementum regeneration is an important 
consideration to restore tooth supporting tissues (Saygin et al., 2000). The potential of 
cementum-derived cells such as dental follicle cells and cementoblasts in the restoration 
of lost cemental support have been studied in a model of cementum and periodontal 
regeneration (Andreasen 1976, Zhao et al., 2004). Using a periodontal defect model in 
rodents, periodontal trauma was treated with transplanted dental follicular cells and 
cementablasts to determine the ability to promote periodontal wound healing. The 
results showed that follicular cells failed to restore periodontal bone and cementum 
support, while cementoblast transplantation promoted both bone and early cementum-
like tissue regeneration. These findings suggest that mature cementoblast populations 
can promote periodontal repair while dental follicle cells require additional triggers to 
promote mineral formation. Further studies are needed to define the key regulators of 
cementogenesis and the key markers for identification and isolation of cementum-
derived cells which could potentially be used for regeneration therapies. 





3.1 Aim of the study 
 
The aim of this study was to evaluate and compare the effect of periodontal cell-sheet 
wrapping and cell dipping co-culturing techniques on periodontal healing and prevention 
of replacement resorption of delayed-replanted canine teeth. 
 
3.2 Uniqueness of the study 
 
To date, no studies have investigated the role of cell-based therapy using PDL 
fibroblasts to prevent replacement resorption in delayed tooth replantation. In addition, 
we adopted the periodontal cell-sheet wrapping technique for entire denuded root 
surface in which there is no viable PDL cells. We have modified the cell-sheet wrapping 
technique to be simpler and cheaper compared to those established by Akizuki et al 
(2005) and Hasegawa et al (2005) (Table 1).  We further evaluated the effect of the cell 
dipping technique, which has been optimized and developed in vitro by our group (Lee et 
al., 2005) using a canine delayed teeth replantation model (Table 2). Finally, we aimed 
to compare the effect of cell-sheet wrapping and cell dipping co-culturing techniques in 




3.3. Rationales of the study 
 
The PDL is a specialized connective tissue that connects cementum and alveolar bone 
to maintain and support teeth as well as preserve tissue homeostasis. When periodontal 
tissues are destroyed, it is important that PDL-derived progenitor/stem cells are formed 
and regenerate the PDL with associated cementum deposition along the root in order to 
reestablish the tooth-bone interface which is essential for tooth retention. In delayed 
teeth replantation, the periodontal healing is impaired and replacement resorption 
becomes a significant problem. Animal experiments have demonstrated that the major 
factor in the case is the survival or destruction of the innermost layer of the PDL 
comprising cementoblasts and possibly the PDL cells next to the cementoblasts. 
Although a number of treatment approaches using chemical and antibiotic procedures 
have been undertaken by our group (Sae-Lim et al 1998, Wong and Sae-Lim 2002, Khin 
and Sae-Lim 2003) and others (Andreasen and Andreasen 1997, Trope et al 2002) 
using the delayed replanted tooth model, they have not been able to prevent 
establishment and progression of ankylosis and replacement root resorption. In addition, 
more advance studies using growth factors such as bFGF and Emdogain in stimulating 
regeneration of periodontal ligament and preventing replacement root resorption have 
also not been predictably successful (Sae-Lim et al., 2004; Lam and Sae-Lim 2004). 
Therefore, strategies should include reconstruction of lost PDL using PDL-derived cells. 
As a proof-of-concept for these approaches, it is necessary to firstly investigate the role 
of PDL fibroblasts on regeneration of the periodontal ligament and prevention of 




In the study, the PDL fibroblasts were selected because it has been demonstrated that 
the PDL fibroblasts are the dominant cells that play a major role in repair and 
regeneration of the periodontal ligament (Lekic and McCulloch 1996, Ivanoski et al., 
2006). Particularly, PDL fibroblasts are responsible for the formation, maintenance and 
remodeling of PDL fibers and their associated ground substance.  
  
In the study, we adopted periodontal cell-sheet wrapping technique to reconstruct the 
periodontal ligament. The reason for that is because previous studies have 
demonstrated the cell-sheet wrapping techniques to have significantly beneficial 
outcome for periodontal regeneration in periodontal defects in rat and dog models 
(Akizuki et al., 2005; Nagashewa et al., 2005).  
 
Our group has previously developed and optimized the periodontal cell dipping co-
culturing techniques and showed that the PDL fibroblasts could attach to root surface 
using the technique (Lee et al., 2005). Therefore we further evaluate the effect of cell 
dipping technique and also compare the technique with cell-sheet wrapping technique in 
preventing ankylosis and replacement resorption in canine delayed teeth replantation 







4. MATERIALS AND METHODS 
 
4.1 Animal preparation 
 
The animal surgical experiments were performed in accordance with the International 
Guiding Principles for Animal Research after approval by the Review Committee of the 
Animal Holding Unit, Tan Tock Seng Hospital (R-TNI-07-1-010).  Non-carious and 
periodontal sound mature premolar teeth from 2 male adult mongrel dogs 1-2 years old, 
weighing 20-25 kg, were selected. All experimental procedures were performed under 
general anesthesia. Induction of anesthesia was achieved by intravenous thiopental at a 
dosage 20 mg kg-1 body weight and maintenance by 1-2% Halothane.  
 
4.2 Teeth harvesting 
 
The distal roots of two rooted third premolar teeth were endodontically-treated and 
obturated with gutta-percha (Dentsply Maillefer, Ballaigues, Switzerland) and sealer 
(Roth Corporation, Chicago, Illinois, USA) under aseptic conditions to prevent 
inflammatory root resorption from root canal infection. These access cavities were then 
sealed with intermediate resorptive material (IRM) (Denstply Caulk, Milfold DE, USA). 
The two-rooted premolars were then hemisected. The single rooted first premolar, the 
mesial and distal roots of the second and mesial roots of the third premolar were 
extracted as atraumatically as possible using elevators and forceps. The distal roots of 
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the second premolar were left intra-orally as control teeth (Fig.5A). The extracted were 
rinsed with Clorhexidine 0.05%, 1X phosphate buffer saline (PBS) and Delbecco‟s 
Modified Eagle Medium (DMEM) (Gibco, USA) and immersed in transport medium 
containing DMEM and 2% antibiotic-antimycotic solution (Gibco, USA) (Fig.5B). 
 
4.3 Cell culture preparation 
 
Each tooth was soaked in 70% ethanol and 1X PBS for three times. After removing the 
gingival tissue with scalpel, the whole tooth was transferred to 60-mm culture dish and 
cultured in 4ml of DMEM supplemented with 10% Fetal Bovine Serum (Hyclone), and 
1% Antibiotic-Antimycotic solution at 370 C, 5% CO2 (Fig.6). Cellular outgrowth of canine 
periodontal ligament fibroblasts was observed after 7 day culture and reached 80% 
confluence after 4 weeks. The cells were then scraped using cell scrapers and 
expanded for another 2 weeks. The cells were finally cultured in DMEM supplemented 
with 10% FCS and 200 µg/ml Ascorbic acid (Sigma-Aldrich, Singapore) for two weeks to 
stimulate cell secretion of extracellular matrix (ECM) components (Fig.7). 
 
4.4 Tooth preparation 
 
After achieving confluence at the primary culture stage, the teeth were removed from 
cultured plates and subjected to tooth preparation. The teeth were sectioned horizontally 
at the cemento-enamel junction (CEJ) using high speed diamond disks (Dentsply 
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Maillefer, Ballaigues, Switzerland). The root was surface-denuded by scrapping method 
using scalpel. Root canals were instrumented to #25 or #30 within 24 hours under 
saline-wet aseptic condition following standard endodontic protocols. The tooth/root 
apparatus were UV-sterilized overnight. They were then surface-conditioned with 17% 
EDTA (NUMI Laboratory Supplies, Singapore) for 30 minutes, and finally stored in 1X 
PBS for cell-sheet wrapping and cell dipping co-culturing (Fig.8). 
 
4.5 Co-culture procedures 
 
4.5.1 Cell-sheet wrapping  
 
Cell culture medium was discarded and the cells were scraped and collected at center of 
culture dish in order to form a white cell sheet. The composite resin and wire was 
pinched off from the root previously preserved in 1x PBS using sterile forceps. The roots 
were then placed in middle of cell dish next to the cell sheet. The root was rolled over 
the cell sheet using sterile forceps so that the cell sheet could be wrapped around the 
root surface (Fig.9). 
 




The cells were scraped and collected in 15 ml falcon tubes in the form of a cell 
suspension. The cell suspension was then centrifuged at 1100 rpm for 5 minutes to form 
a pellet. The medium was discarded and the cell pellet was suspended in 0.5ml of 
culture medium to form 0.5ml of 10 x 106  of PDL fibroblasts suspension. The previously 
treated roots were dipped in the cell suspension for 30 min and subsequently cultured in 
new falcon tube containing DMEM supplemented with 10% FCS and 200 μg/ml Ascorbic 
acid at 370 C, 5% CO2 overnight (Fig.10). 
 
4.6 Implantation procedures 
 
Anesthesia was induced by intravenous thiopental at a dosage 20 mg/kg body weight 
and followed by maintenance by 1-2% Halothane. There are four treatment groups: 
 
- Negative control group (group N): four roots were extracted and replanted 
immediately with gentle finger pressure into the respective socket.  
 
- Positive control group (group P): four roots were extracted and replanted with gentle 
finger pressure into the respective sockets after 1 hour of bench drying. 
 
- Cell sheet wrapping group (group CS): A full mucoperiosteal flap was raised and 
alveolar bone socket was prepared using high speed round surgical bur (Dentsply 
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Maillefer, Ballaigues, Switzerland). Ten cell-coated roots in cell-sheet wrapping 
group (group CS) were replanted and submerged in alveolar bone socket by using 
sterile forceps. The flap was finally repositioned over the replanted roots and closed 
using resorbable sutures (3O Vicryl, Ethicon, UK) (Fig.11).  
 
- Cell dipping co-culturing group (group CD): A full mucoperiosteal flap was raised and 
alveolar bone socket was prepared using high speed round surgical bur (Dentsply 
Maillefer, Ballaigues, Switzerland). Eight cell-coated roots in cell dipping co-culturing 
group (group CD) were replanted and submerged in alveolar bone socket. The 
composite resin and wire was pinched off and the flap was finally repositioned over 
the replanted roots and closed using resorbable sutures (3O Vicryl, Ethicon, UK) 
(Fig.11).   
 
Replantation was verified with radiographs. The animals were given soft diet on the day 
of the implantation and subsequently their standard diet. Immediately after replantation 
and for 5 subsequent days, the animals were given Amoxillin Trihydrate (Betamox-vet, 
Norbrook Lab Ltd, Northern Ireland) and 0.01 mg/kg Buprinophrine (Temgesic, Schering 
Plough, Hull, UK) once daily. 
 




The animals were sacrificed at six- and twelve-weeks after tooth transplantation. They 
were deeply anesthetized with an over-dosage of intravenous sodium pentobarbital at 
100mg/kg body weight. Rapid transcardiac perfusion via the left ventricle was done with 
4 % paraformandehyde in phosphate buffer (pH 7.4). Jaw blocks containing the 
replanted teeth were resected, fixed in the same fixative, decalcified in 10% formic acid, 
and embedded in paraffin. Subsequently, step serial sections of the tissue blocks were 
done perpendicular to the long axis of the root at 5-µm thickness at 100-µm interval. At 
each sectioning level, six sections were mounted. The most technically satisfactory 
section was stained with hematoxylin and eosin, a total of 10-12 sections, evenly 
distributed along each root, were included in the evaluation (Fig.12). 
 
4.8 Histomorphometric evaluation 
 
The periodontal healing pattern was evaluated by two independent examiners with the 
aid of a projection microscope (Leica, Japan). The images of the sections magnified at 
x40 were projected onto a screen with four intersecting lines star-shaped grid, 
superimposed onto the center of the root canal and oriented according to labio-lingual 
axis of the tooth. The histological appearances of root surfaces intersecting with eight 
radii of these lines were registered according to the method modified from that described 
by Andreasen (1987), as two different morphologic classification as favorable healing 





4.9 Statistical evaluation 
 
The occurrence of the different morphologic classification was expressed as a 
percentage of the total number of registered locations examined for each section. The 
percentage occurrence of each morphologic classification in every root was calculated 
as the mean of the total number of sections. Three-way Kruskall-Wallis test was used to 
compare the periodontal healing pattern based on the two morphologic classifications for 
the three treatment groups. Further analysis with Mann-Whitney U-test was carried out 
to compare the specific groups to each other when significance was found in the first 















5.1 Results of cell culture 
 
5.1.1 Cell culture preparation 
 
Our results showed that the cell culture method using a whole tooth explant (Fig.7A) was 
successful in obtaining outgrowths of viable periodontal fibroblasts from the extracted 
teeth. Only one root was found to be contaminated. The outgrowth of periodontal 
fibroblasts from root surface was observed at day 7 culture. These cells have typical 
spindle-like morphology. These cells continued to proliferate under the culture medium 
and reached about 80% confluence after 4 weeks (Fig. 7B). In order to obtain 10 x 106 
cells for co-culturing, these cells were further expanded for two more weeks by scraping 
method (Fig.7C). These cells had spindle-like morphology which was as same as that of 
cells in previous passage. The addition of 200 μg/ml of ascorbic acid for additional two 
weeks resulted in the formation of a network of PDL fibroblasts and ECM components 
secreted by PDL fibroblasts (Fig 7D).  
 




As shown in figure 9, after scrapping, we could clearly observe the white periodontal cell 
sheet at the center of cell culture dish. When the tooth was rolled over the cell sheet 
using a sterile forceps, the cell sheet quickly attached to the root surface - no cell sheet 
remained on the culture dish when the cell-coated root was lifted off from the culture 
dish. Staining of the cell-coated root with trypan blue further demonstrated the 
attachment of viable periodontal cell sheet to the root surface. In addition, trypan blue 
was found on the entire root surface, indicating the cell sheet is covered entire surface of 
the root. In contrast, for the control teeth in which no cell sheet was applied, there was 
negative staining of trypan blue, indicating no viable cells presence.   
 
5.1.3 Cell dipping co-culturing 
 
As shown in figure 10, the root apparatus in the falcon tube was incubated with the 
separate pool of 10 x 106 suspended PDL fibroblasts that would settle down to form cell 
mass around the root within 30 minutes. We observed that the cell suspension was 
enough to cover whole tooth, corresponding to previous study of our group that 
suspension of 10 x 106 PDL fibroblasts was enough to cover whole tooth with 6-mm 
length (Lee et al., 2005). Trypan blue staining further demonstrated the cell-treated roots 
have islands and specks of adhered cell deposits which stained blue on the entire root 
surface. This indicates the attachment of PDL fibroblasts encompass the entire length of 
root surface. These co-cultured roots were finally transferred to another falcon tube 
containing cell-free culture medium for further incubation at 37ºC in 5% CO2 under 100% 
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humidity for 24 hours. Under the culture condition, the attached PDL fibroblasts 
continued to proliferate and expand on the root surface.      
 
5.2 Results of radiographs  
 
For the negative control in which the roots were immediately replanted, a normal PDL 
space without signs of root resorption was radiographically observed (Fig 14A). In 
contrast, radiography taken of root in positive control where 60-min delayed replantation 
showed loss of the normal periodontal space and continuous replacement of root 
substance with bone, indicating presence of ankylosis and replacement root resorption 
(Fig 14B). Radiographs taken of roots in cell sheet wrapping group showed a radiolucent 
line around the implant roots. In addition, there was no radiographic sign of replacement 
resorption (Fig 14C). Similar results were observed for roots in the cell dipping co-
culturing group (Fig 14D).      
 
5.3 Results of histomorphometric evaluation  
 
The dogs tolerated the treatment procedures well and did not change their behavior in a 
noticeable way. A number of teeth, especially from the maxilla, were lost during the 





The results of periodontal healing patterns and the statistical analysis are summarized in 
Table 3. Table 3A showed results of periodontal healing patterns and the statistical 
analysis for 6 groups: negative control, positive control, cell sheet wrapping at 6-weeks 
observation, cell dipping co-culturing at 6-weeks observation, cell sheet wrapping at 12-
weeks observation, and cell dipping co-culturing at 12-weeks observation.  After pooling 
samples from cell sheet wrapping at 6-weeks and 12-weeks together to form cell sheet 
wrapping group and cell dipping co-culturing at 6-weeks and 12-weeks together to form 
cell dipping co-culturing group, results of periodontal healing patterns and the statistical 
analysis were reported in Table 3B.   
 
5.3.1 Negative control 
 
For the negative control group (N) in which the roots were immediately replanted, the 
mean percentage occurrence of favorable healing (Fig.15) was as high as 87.19 % while 
that of replacement resorption was as low as 2.81 % (Table 3A,B). Histologically, the 
PDL with fibrous tissue presented all around the root and interposed perpendicularly and 
stably between bone and cementum. The PDL fibrous tissue was well-organized 
structure and contained PDL fibroblasts with spindle-like morphology and blood vessels. 
The PDL attached strongly to the bone and cementum. The periodontal ligament 




5.3.2 Positive control 
 
For the positive control group (P) in which roots were replanted after prolonged (60-min) 
dry time, there was low occurrence of favorable healing (4.17 %) and high occurrence of 
replacement root resorption (83.64 %) (Table 3A,B). Histologically, there was ankylosis 
whereby the dentine is well apposed to the bone with no PDL interposed. Dentine was 
subsequently replaced by bone, showing replacement resorption (Fig.16). In one case, 
there was occurrence of inflammatory root resorption with the presence of inflammatory 
cells near the root surface. 
  
5.3.3 Cell sheet wrapping groups 
 
A total of ten roots were evaluated in this group. As shown in Table 3A, roots in cell 
sheet wrapping group harvested at 6-weeks [CS (6w)] had high percentage of favorable 
healing (89.5 %) and low percentage of replacement root resorption (9.68 %). Similarly, 
roots in CS group harvested at 12-weeks [CS (12w)] had high occurrence of favorable 
healing (85.63 %) and low occurrence of replacement root resorption (14.38 %). Results 
of roots in these two groups CS (6w) and CS (12w)  were pooled together as Mann-
Whitney analysis showed that they are not statistically significantly different in both 
favorable healing (p=0.914) and replacement root resorption (p=0.914) (Table 3A). As 
shown in Table 3B, cell-sheet group (CS) had high occurrence of favorable healing 
(87.19 %) (Fig.17) and low occurrence in replacement resorption (11.56 %) (Fig.18). 
Histologically, there was a ring of fibrous tissue with average width approximately 500 
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μm interposing between bone and cementum. The fibrous tissue consisted mainly of 
spindle like cells arranged circumferentially around the roots. There was also sign of 
blood vessel-like structures within the fibrous tissue. The blood vessels were organized 
adjacent to the alveolar bone, suggesting they have originated from alveolar bone (Fig. 
17). In some cases, there were sites of ankylosis where the dentine was apposed to the 
bone with no PDL interposed in a part of the entire root (Fig. 18).   
 
5.3.4 Cell dipping co-culturing groups   
 
A total of eight roots were evaluated in this group. Roots in cell dipping co-culturing 
group harvested at 6-weeks transplantation [CD (6w)] had a high occurrence of 
favorable healing (90.35 %) and a low occurrence of replacement root resorption (6.56 
%). Similarly, roots harvested at 12-weeks transplantation [CD (12w)] had high 
percentage of favorable healing (88.44%) and a low percentage of replacement root 
resorption (11.56 %). Results of roots in these two groups CD (6w) and CD (12w) were 
pooled together as they were not statistically significantly different in both favorable 
healing (p=0.914) and replacement root resorption (p=0.886) (Table 3A). As shown in 
Table 3B, cell dipping group (CD) had a high occurrence of favorable healing (89.39%) 
(Fig.19) and a low occurrence in replacement resorption (9.06%) (Fig. 20). Histologically, 
there was a ring of fibrous tissue interposing between bone and cementum. The fibrous 
tissue consisted mainly of spindle like cells arranged circumferentially around the roots. 
Signs of blood vessel-like structures were found within the fibrous tissue. The blood 
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vessels were adjacent to the alveolar bone, suggesting that it may have originated from 
alveolar bone. In some cases, there was an ankylosis in a part of entire root (Fig. 20).   
 
 5.3.5 Further statistical analysis 
 
As shown in Table 3A, Kruskal-Wallis statistical analysis showed no significant 
difference among all six groups in favorable healing (p=0.072) and replacement root 
resorption (p=0.054). However, when we pooled results of samples from cell sheet 
wrapping at 6-weeks and 12-weeks together to form cell sheet wrapping group and cell 
dipping co-culturing at 6-weeks and 12-weeks together to form cell dipping co-culturing 
group, there was significant difference among all four groups in favorable healing 
(p=0.018) and in replacement root resorption (p=0.014) (Table 3B).   
 
As shown in Table 3B, Mann-Whitney U-test revealed significant differences between 
the negative control and the positive control groups for all the morphologic classification 
of healing patterns (p=0.029). There was significant difference between the CS group 
and positive control group in the occurrence of favorable healing (p=0.002) and 
replacement root resorption (p=0.002). On the other hand, there was no statistically 
significant difference between group CS and group N in the occurrence of favorable 
healing (p=0.839) and replacement root resorption (0.454). For CD group, there was 
significant difference in the occurrence of favorable healing (p=0.004) and replacement 
root resorption (p=0.004) compared to positive control group. In contrast, no significant 
difference was observed in the percentage of favorable healing (p=0.808) and 
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replacement root resorption (0.808) between group CD and group N. No significant 
difference in favorable healing (p=1) and replacement resorption (p=0.762) was 





















6.1 Experimental design 
 
6.1.1 Canine model selection 
 
The dog model was employed in this study because it was generally accepted that the 
dental anatomy and wound healing physiology of canines parallel those of humans. 
Anderson et al (1968) and Trope et al (1997) demonstrated the suitability of dog model 
in replantation studies. They showed that the dog‟s periodontal tissues are equally good 
in comparison with monkeys for tooth replantation studies involving replacement 
resorption. In addition, using a dog model would allow a logical comparison to the 
histological outcomes (for negative control and positive control) from the previous tooth 
replantation studies (Sae-Lim et al., 1998). 
 
6.1.2 Root hemisection 
 
The study was designed so that a maximum number of roots could be evaluated per 
animal, thus reducing the number of animal used. The double-rooted mandibular 




6.1.3 Tooth preparation 
 
In tooth preparation protocol, the root surface was denuded to simulate the prolonged 
bench-dry condition in which necrosis of the PDL was observed and no viable PDL cells 
presents.  
 
Root canal treatment was performed to prevent inflammatory root resorption of pulpal 
origin and to obtain a model of replacement root resorption. For teeth in negative control 
and positive control groups, the root canal treatment was performed before extraction in 
order to minimize the influence of extra-oral procedures on periodontal healing 
(Andreasen 1981).  
 
The surface treatment of the denuded roots with 17% EDTA for 30mins and disinfection 
with ultra-violet light were followed an earlier study by Lee et al (2005) in which the 
method showed successful in obtaining the attachment of cultured canine PDL 
fibroblasts on denuded root surfaces in vitro. The use of EDTA to condition and 
demineralize dentin could expose collagen fibers on the root surface. The collagen fiber 
has been shown to play a role as a chemoattractant for PDL fibroblasts and a matrix for 
the retention of fibroblasts and biologically active substances like growth factors and 
cytokines (Blomlof et al., 1996). EDTA was chosen instead of citric acid because acid 




6.1.4 Cell culture preparation 
 
In cell culture protocol, PDL fibroblasts were explanted from whole tooth surface. Our 
result showed that the method provides higher efficiency for cell outgrowth than previous 
method whereby PDL fibroblasts were explanted from the remnant PDL tissues 
scrapped from the middle third of the root (Lim et al., 2007). However, the time required 
to obtain enough cells (10 x 106) for co-culturing was still 4-6 weeks. Therefore, more 
specialized culture medium has been investigated in order to accelerate the explant and 
culture of PDL fibroblasts from the PDL tissue of the root.  
 
Addition of 200 μg/ml Ascobic acid into cell culture medium could stimulate the PDL 
fibroblasts secrete more extracellular matrix (ECM) components such as collagen and 
intergrin (Ishikawa et al., 2004). This may result in facilitating attachment of PDL cell-
matrix composition to the root surface.  
 
6.1.5 Cell sheet wrapping technique  
 
Cell sheet wrapping protocol was adopted and modified from earlier study by our group 
(Chung et al., 2008). As shown in figure 9, a sticky and white cell sheet was formed and 
clearly seen by naked eye when we scraped and collected the cells at the center of cell 
culture dish. The reason for that is because addition of 200 µg/ml ascorbic acid could 
stimulate PDL fibroblasts to secrete more extracellular matrix components such as 
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collagen (Ishikawa et al., 2004), resulting in a formation of cells-matrix construct. As the 
cell sheet was fragile, we could not apply directly to the root surface using sterile 
forceps. Therefore, our approach was to roll the root around the cell sheet by using 
sterile forceps and the cell sheet would hence attach to the root surface through 
interaction between its ECM components and collagen fibers exposed on surface of  
EDTA-treated root. By staining with trypan blue, we demonstrated that the cell sheet 
could attach to the root surface. However, this method is only a simple, fast and cost-
effective method to access the attachment of PDL fibroblasts onto root surface.  Other 
methods such as cellular outgrowth and Scanning Electron Microscope (SEM) would be 
required to further ascertain about level and position of attachment of PDL fibroblasts on 
the root surface.  
  
As shown in table 1, the cell sheet wrapping protocol developed by our group has some 
difference from those of other groups (Akizuki et al 2005, Hasegawa et al., 2005). 1, 
there was difference in method of PDL fibroblast explant in which our group explanted 
cell from a whole tooth whereas the other groups explanted cells from PDL tissue 
scraped from middle third of the root. 2, we used 10% Fetal Calf Serum (FCS) in culture 
medium for cell explant whereas the others used 15% FCS. 3, in method of cell 
disintegration, we scraped the cells using cell scraper whereas the others used 0.25% 
trypsin-EDTA for 5 mins. 4, other group methods had additional step for cell sheet 
preparation whereby PDL fibroblasts were seeded on a temperature-responsive cell 
culture dish (35 mm diameter) in DMEM supplemented with 15% FBS and 1% antibiotic-
antimycotic solution and incubated for 2 weeks at 370 C in a fully humidified atmosphere 
of 5% CO2 and 95% air. 5, to stimulate cell sheet formation, our group used 200 µg/ml of 
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Ascorbic Acid whereas others used 50 µg/ml of Ascorbic Acid. 6, other group used 
Hyaluronic acid sheets (5 x 5 mm, 1 mm thickness, and average pore diameter 30 um) 
placed in the culture dishes as a reinforced carrier (Hyaluronic acid carrier) for cell sheet. 
7, application of cell sheet to the defects was also different between outs and others. 
Since the delayed replanted teeth model simulating a critical size periodontal defect was 
adopted, we rolled the root over the cell sheet so that the cell sheet could attach to the 
entire root surface. In contrast, the others applied the cell sheet after reinforced by HA 
directly onto the artificial periodontal defect. In comparison, method of our group is 
simple and cost-effective whereas methods of the others are technical complication and 
time consuming.    
 
6.5.6 Cell dipping co-culturing technique 
 
Cell dipping co-culturing protocol was employed and developed from earlier study by our 
group (Lee et al., 2006).  As shown in figure 10, roots that were co-cultured with 10 x 106 
cells had island and specks of adhered deposits which stain blue. These deposits were 
evident on the entire length of root. The areas where blue–stained deposits were 
observed corresponded to the areas with adherent and showed there were no areas with 
consistently good attachment. The uneven distribution of the fibroblasts may cause 
problem. If there is too large an area without any attached periodontal ligament 




As shown in table 2, the cell dipping co-culturing protocol developed by our group has 
some difference from that of Soder et al, (1979). Firstly, we used canine PDL fibroblasts 
whereas Soder and his colleagues used human gingival fibroblasts. Secondly, in method 
of cell disintegration, our group scraped the cells using cell scraper whereas the other 
used 0.25% trypsin-EDTA for 5 mins.  Thirdly, in our method the cells were further 
cultured in DMEM supplemented with 10% FCS and 200 μg/ml Ascorbic acid for 2 
weeks. Fourthly, in tooth preparation, we had additional steps such as root canal 
treatment, root sterilization under UV light and root conditioning with 17% EDTA for 30 
mins. Fifthly, in cell dipping co-culturing protocol, we dipped the root in the treated root in 
0.5ml cell suspension of 10 x 106 PDL fibroblasts for 30 min and subsequently cultured 
overnight whereas Soder et al dipped the root in the artificial agar alveolus filled with a 
cell suspension containing 1x106 cells/ml for 12 hrs and subsequently cultured for few 
weeks. Sixthly, we evaluated the cell dipping co-culturing technique in the canine 
delayed replanted teeth model whereas Solder et al only performed in vitro study using 
SEM. Comparatively, our method is simpler and less technical complication compared to 
method of Soder et al. Addition of Ascorbic acid to cell culture medium could facilitate 
PDL fibroblasts to secrete more ECM components, thus enhancing the attachment of 
PDL cells on the root surface. Lastly, more cells are used in our method to ascertain the 
attachment of these cells onto the entire surface of the root.    
 




In the study, we did not remove blood clot before implantation because of three main 
reasons. Firstly, study of Andreasen (1980) showed that there was no significant 
difference in periodontal healing in teeth replanted with or without removal of the 
coagulum in the alveolar socket. Secondly, it is known that platelets have the capability 
of producing growth factors such as PDGF and TGF-β which could have a role in the 
wound healing process. Thirdly, blood clot can serve as scaffold for PDL fibroblasts 
attachment, proliferation, migration and differentiation.  
   
In implantation, our study adopted a submerged root protocol (Boyko et al., 1982) in an 
attempt to achieve better retention of the implants. In previous study of Zhou (2006) 
using splinting method, we noticed a significant member of tooth loss.  
 
6.1.7 6-weeks and 12-weeks observation period 
 
In monkey model, a rupture of the fibers after extrusion and extraction could be healed 
by substantial number of principal fibers of which mechanical properties are about 50-
60% of that of uninjured PDL. With longer observation periods, an increased number of 
healed principal fibers can be seen. After 8 weeks, the injured PDL can not be 
distinguished histologically from non-injured control (Mandel and Viidik 1989). Since 
previous studies have shown similarity between canine and monkey model of delayed 
teeth replantation, we speculated the time line of periodontal healing should be also 
approximately 8 weeks. In our study, PDL was completely necrotic and PDL fibroblasts 
were applied exogenously via cell sheet wrapping or cell dipping co-culturing techniques, 
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therefore 6-weeks and 12-weeks observation was chosen in order to observe time range 
of healing process and maturation of collagen fibers.     
 
6.1.8 Histological evaluation 
 
Histological evaluation was performed in accordance to the method proposed by 
Andreasen (1987). 10-17 sections, with 8 evaluation points per section, per root were 
evaluated as this has been proven to be sufficient to determine significant difference of 
reasonable magnitude (Andersson et al., 1987).  
  
6.2 Analysis of results 
 
6.2.1 Negative control /Positive control group 
 
As previously described, the immediate replantation of avulsed teeth allowed optimal 
periodontal healing with reorganized connective tissue fibers resulting in functional 
attachment apparatus (Andreasen 1981). In contrast, delayed replantation after 1 hour 
bench-dry led to high occurrence of ankylosis and replacement resorption. Our results 
corroborated with these observations. The replanted roots in the negative control group 
exhibited high occurrence of favorable healing while the positive controls demonstrated 
high occurrence of ankylosis and replacement resorption. It has been suggested that the 
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development of replacement resoption relates to severe periodontal attachment 
apparatus injuries (Hammarstrom et al., 1989). Desiccation for a period of an hour or 
more has been shown to result in PDL cell necrosis (Solder et al., 1976) and extensive 
damage to root surface periodontal tissues (Lindskog et al., 1985). This is the result of 
competitive wound healing of the damaged denuded root surface whereby repopulation 
of endosteal osteoblasts would tend to be favored over the limited viable PDL fibroblasts 
(Andreasen 1981), eventually resulting in osseous replacement of the resorbed roots 
(Hammarstrom et al., 1989). 
 
6.2.2 Cell-sheet wrapping groups 
 
The cells derived from periodontal ligament tissue would be appropriate cell sources for 
periodontal regeneration by cell transplantation for several reasons. First, evidence that 
PDL cells play an important role in promoting periodontal regeneration is accumulating. 
Cultured PDL cells applied in various scaffolds or in suspension have been shown to be 
able to induce a new periodontal tissue apparatus on root dentin surfaces and dental 
implants. However, these results show not only the potential of significant periodontal 
regeneration but also possible unpredictable adverse outcomes, such as ankylosis. 
Periodontal tissue is highly complex, so that it is inevitable that such direct cell 
transplantation might require more sophisticated arrangements in the tissue defect. 




Our result showed that CS group has high occurrence of favorable healing (87.19%) and 
low occurrence in replacement resorption (11.56%). The outcomes were not significantly 
different from negative control group which have optimal healing. There was also no 
significant difference in the outcomes between CS (6w) and CS (12w), suggesting long-
term and consistent effect of cell sheet wrapping technique in regenerating periodontal 
ligament and preventing of ankylosis and replacement resorption. Histologically, 
regenerated PDL was well-organized with more collagen maturation seen at 12-weeks 
observation compared to 6-weeks, suggesting that the longer observation period is, the 
more collagen maturation is observed in regenerated PDL (Mandel and Viidik 1989). It is 
speculated that cell-based therapy using PDL cell sheet provides the PDL cell source 
and extracellular matrices produced by these cells to facilitate periodontal regeneration 
and prevent replacement resorption. In addition, under appropriate inductive stimuli 
secreted by the PDL cells, paravascular progenitor cells could differentiate into a PDL 
fibroblast phenotype, further enhancing regeneration of periodontal ligament. Inhibition 
of replacement resorption may be due to the fact that PDL fibroblasts from cell sheet 
could inhibit activation, migration and maturation of bone-derived osteoclasts. This could 
be achieved by growth factors and cytokines secreted by PDL fibroblasts and that have 
inhibitory effects on activities of osteoclasts and prevent the cells from gaining access to 
cementum and dentin (Rani and Macdougall, 2000).    
 
There was only 11.56 % of replacement resorption observed in cell-sheet wrapping 
group. This may be due to the detachment of PDL cell sheet from the root surface during 
implantation. There are also a possibility that some areas of root surface were not fully 
wrapped by PDL cell sheet, resulting in activation and migration of osteoclasts. These 
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activated resorbing cells could gain an access to the root cementum and dentin, 
resulting ankylosis and replacement resorption eventually. 
 
6.2.3 Cell dipping co-culturing group 
 
Our result showed that roots treated with PDL cell dipping co-culturing technique also 
have high occurrence of favorable healing and low occurrence in ankylosis and 
replacement resorption, and that the outcomes were not significantly different from those 
of negative control. The reason for that is because there was a ring of fibrous tissue 
interposing between bone and cementum around the root. Histologically, the fibrous 
tissue consisted mainly of spindle-like cells which may be originated and proliferated 
from PDL fibroblasts attaching onto the root surface during cell dipping co-culturing. 
There was also signs of blood vessel-like structures within the fibrous tissue and 
adjacent to the alveolar bone, suggesting that it may be originated from alveolar bone. 
Under the in vivo condition with supplement of nutrition from blood vessels, the PDL 
fibroblasts continued to proliferate and secreted ECM components, hence resulting in 
formation of fibrous tissue. Under appropriate inductive stimuli secreted by the PDL 
cells, paravascular progenitor cells could also migrate into PDL space and differentiate 
into a PDL fibroblast phenotype, further enhancing regeneration of periodontal ligament. 
The PDL fibroblasts could secrete growth factors and cytokines to inhibit migration and 
maturation of bone-derived osteoclasts and prevent the resorbing cells from access to 
the dentin and cementum. This may ultimately result in inhibition of ankylosis and 
replacement resorption.  
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Our results demonstrated that there are no significant difference in favorable healing and 
replacement root resorption between CD (6w) and CD (12w). This suggested long-term 
and consistent effect of cell dipping co-culturing technique in preventing of replacement 
resorption. Histologically, regenerated PDL was well-organized with more collagen 
maturation seen at 12-weeks observation compared to 6-weeks, suggesting that the 
longer observation period is better for more collagen maturation observed in regenerated 
PDL (Mandel and Viidik 1989).  
 
There was only 9.06% of replacement resorption observed in cell dipping co-culturing 
group. There could be because some areas of root surface are not fully attached by PDL 
fibroblasts during co-culturing procedure (Lee et al., 2005). If the area without any 
attached periodontal ligament fibroblasts is too large, the regeneration of the PDL in that 
area may be affected in vivo condition, resulting ankylosis and replacement resorption 
eventually. Another reason may be due to the detachment of attached PDL fibroblasts 
from the root surface during implantation.  
 
6.2.4 Comparison between cell sheet wrapping and cell dipping co-culturing 
techniques 
 
Our studies showed that autologous periodontal ligament cell-based therapy using cell-
sheet-wrapping technique and cell dipping co-culturing technique on the damaged 
denuded avulsed canine root surface has shown significantly less progressive 
replacement resorption with periodontal regeneration. Interestingly, there was no 
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significant difference between the two techniques. However, cell dipping co-culturing 
technique would be preferable because it is more technic-friendly and cost-effective 




- Cell source: In this study, we used autologous periodontal ligament fibroblasts for cell 
sheet wrapping and cell dipping co-culturing techniques. However, in reality the PDL 
fibroblasts are not readily accessible. In addition, 4- to 6-weeks culture time is required 
to obtain enough cells for the techniques. Therefore, another readily assessable cell 
sources like gingival fibroblasts, PDLSC, DPSC or SHED would be investigated as 
alternative cell sources for regeneration of periodontal ligament and prevention of 
replacement root resorption in delayed teeth replantation.  
 
- Technical sensitivity: For cell-sheet wrapping technique, one major limitation  is that we 
could not ascertain about the attachment of the cell-sheet on the root surface. The 
detachment of cell sheet from root surface may result in failure of the treatment. 
Therefore, a simpler method such as cell dipping co-culturing techniques with or without 







In conclusion, application of a periodontal cell dipping co-culturing or cell-sheet wrapping 
could prevent replacement root resorption in delayed-replanted canine teeth. This study 
implicates the proof-of-concept of cell-based therapy on critical-sized periodontal defects 
















8. FUTURE DIRECTIONS 
 
For cell-dipping co-culturing techniques, it would be further improved with the 
supplementation of a biological mediator cum adhesive carrier, fibrin glue to enhance the 
attachment to the root surfaces. Fibrin glue, namely Tisseel fibrin sealant (Baxter) is a 
non-cytotoxic, fully resorbable, biologic biomatrix that harnesses the morphogenic 
potential of human tissue. It comprises of a bi-component system of the human plasma 
derivaties fibrinogen and thrombin, when mixed together, simulate the last stages of the 
natural coagulation cascade to form a structured fibrin clot similar to the physisological 
clot – the fibrin biomatrix. The fibrin glue has been shown to support fibroblast infiltration 
and proliferation, and enhance the wound healing process (Donaldson et al., 1988). In 
addition, studies suggest that the fibrin glue also confers angiogenic properties to the 
implanted tissue (Feldman et al., 2000) and strongly adheres to the new tissue to the 
implantation site (Mosher and Schad, 1979). 
 
For cell sheet wrapping technique, future studies are needed to 1, improve cell sheet 
wrapping techniques that increase the stability of PDL cell sheet on the root surface, 2, 
apply multi-layered PDL cell sheet on the root surface, 3, apply cell sheet with or without 
optimal biomatrix scaffold such as fibrin glue into tooth socket.  
 
Finally, it is necessary to further study molecular and cellular mechanism of periodontal 
regeneration in cell sheet wrapping and cell dipping co-culturing groups. A simpler cell-
based therapy approach using alternative cell sources such as gingival fibroblasts, 
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PDLSC, DPSC or SHED with and without biomimetic scaffolds would also investigated 




















Akizuki T, Oda S, Komaki M, Tsuchioka H, Kawakatsu N, Kikuchi A, Yamato M, Okano 
T, Ishikawa I. Application of periodontal ligament cell sheet for periodontal regeneration: 
a pilot study in beagle dogs. J Periodontal Res 2005;40(3):245-51. 
Anderson AW, Sharav Y, Massler M. Periodontal reattachment after tooth replantation. 
Periodontics 1968;6(4):161-7. 
Andersson L, Jonsson BG, Hammarstrom L, Blomlof L, Andreasen JO, Lindskog S. 
Evaluation of statistics and desirable experimental design of a histomorphometrical 
method for studies of root resorption. Endod Dent Traumatol 1987;3:288-95.  
Andreasen JO. The effect of splinting upon periodontal and pupal healing after 
replantation of permanent incisors in monkeys. Acta odontol Scand 1975;33:313-23. 
Andreasen JO. Periodontal healing after replantation of traumatically avulsed human 
teeth. Assessment by mobility testing and radiography. Acta Odontol Scand 
1975;33:325-35.  
Andreasen JO. Histometric study of healing of periodontal tissues in rats after surgical 
injury. II. Healing events of alveolar bone, periodontal ligaments and cementum. Odontl 
Rev 1976;27:131-44. 
Andreasen JO, Reinholdt J, Riis I, Dybdahl R, Söder PO, Otteskog P. Periodontal and 
pulpal healing of monkey incisors preserved in tissue culture before replantation. Int J 
Oral Surg 1978;7(2):104-12. 
Andreasen JO. A time-related study of root resorption activity after replantation of 
mature permanent insicors in monkeys. Swed Dent J 1980;4:101-10.  
Andreasen JO. The effect of removal of the coagulum in the alveolus before replantation 
upon periodontal and pulpal healing of mature permanent insicors in monkeys. Int J Oral 
Surg 1980;9:458-461. 
Andreasen JO, Kristerson L. Evaluation of different types of autotransplanted connective 
tissues as potential periodontal ligament substitutes. Inter J Oral Surgery  1981;10:189-
201. 
Andreasen JO. Relation between cell damage periodontal ligament after replantation 
and subsequently development of root resorption. A time-related study in monkeys. Acta 
Odontol Scand 1981;39:15-25. 
Andreasen JO. Periodontal healing after replantation and autotransplantation of 
permanent incisors. Effect of injury to the alveolar or cemental part of the periodontal 
ligament in monkeys. Int J Oral Surg 1981a;10:54-61.  
70 
 
Andreasen JO. Effect of extraaveolar period and storage media upon periodontal and 
pulpal healing after replantation of mature permanent insicors in monkeys. Int J Oral 
Surg 1981b;10:43-53.  
Andreasen JO, Kristerson L. The effect of limited drying or removal of the periodontal 
ligament. Periodontal healing after replantation of mature permanent incisors in 
monkeys. Acta Odontol Scand 1981c;39:1-13.   
Andreasen JO. Experimental dental traumatology: development of a model for external 
root resorption. Endo Dent Traumatol 1987;3:269-9.  
Andreasen JO, Andreasen FM. Avulsions. In: Andreasen JO, ed. Textbook and Color 
Atlas of Traumatic Injuries to teeth, 3rd ed. Copenhagen: Munksgaard Publishers; 
1994:383-425.  
Andreasen JO,  Borum MK,  Jacobsen HL,  Andreasen FM. Replantation of 400 avulsed 
permanent incisors. 2. Factors related to pulpal healing. Endod Dent Trauma 
1995;11:59-68. 
Andreasen JO.  Borum MK.  Jacobsen HL.  Andreasen FM. Replantation of 400 avulsed 
permanent incisors. 4. Factors related to periodontal ligament healing. Endod Dent 
Trauma 1995;11:76-89. 
Araujo M, Hayacibara R, Sonohara M, Cardaropoli G, Lindhe J. Effect of enamel matrix 
proteins (Emdogain) on healing after re-implantation of periodontally compromised‟ 
roots. An experimental study in the dog. J Clin Periodontol 2003;30:855-61.  
Bhaskar SN. Maxilla and mandible (alveolar process). In: Bhaskar SN. Ed. Orban „s oral 
histology and embryology. St. Louis: The CV Mosby Company, 1976:234-53.    
Bartold MP, Walsh LJ, Narayanan SA. Molecular and cell biology of gingiva. Periodontol 
2000 2000;24:28-55.  
Bartold MP, Narayanan SA. Biology of the periodontal connective tissue. 1st ed, 
Chicago: Quintessence Pub.Co., 1998.  
Blomlof L, Otteskog P, Hammarstrom L. Effect of storage in media with different ion 
strengths and osmolalities on human periodontal ligament cells. Scand J Dent Res 
1981;89:180-7.  
Blomlof L. Milk and saliva as possible storage media for traumatically exarticulated teeth 
prior to replantation. Swed Dent J Suppl 1981;8:1-6.  
Blomlof L, Andersson L, Lindskog S, Hedstrom KG, Hammarstrom L. Periodontal 




Blomlof J, Jansson L, Blomlof L, Lindskog S. Root surface etching at neural pH 
promotes periodontal healing. J Clin Periodontol 1996; 23: 50-55.  
Boyko GA, Melcher AH, Brunette DM.  Formation of new periodontal ligament by 
periodontal ligament cells implanted in vivo after culture in vitro. J Perio Res 1981;16:73-
88. 
Bryson EC, Levin L, Banchs F, Abbott PV, Trope M. Effect of immediate intracanal 
placement of ledermix Paste on healing of replanted dog teeth after extended dry times. 
Dent Traumatol 2002;18:316-21.  
Bryson EC, Levin L, banchs F, Trope M. Effect of minocycline on healing of replanted 
dog teeth after extended dry times. Dent Traumatol 2003;19:90-5.  
Chung TO. The role of cells in critical size periodontal defects – an avulsion model. 
Thesis submitted in partial fulfillment of MDS [Endodontics] 2008. 
Coleman WP, Hanke WC, Alt TH, Asken S. Cosmetic Surgery of the Skin- Principles 
and Techniques. 2nd ed St. Louis: Mosby-Year Book, c1997. 
Cordeiro MM, Dong Z, Kaneko T, Zhang Z, Miyazawa M, Shi S, Smith AJ, Nör JE. 
Dental pulp tissue engineering with stem cells from exfoliated deciduous teeth. J Endod 
2008;34(8):962-9 
Cvek M, Granath LE, Hollender L. Treatment of non-vital permanent incisors with 
calcium hydroxide.3. Variation in occurrence of ankylosis of reimplanted teethwith 
duration of extra-alveolar period and storage environment. Odont Revy. 1974;25(1):43-
56 
Cvek M, Cleaton Jones P. Austin J, Kling M, Lownie J, Falti P. Effect of topical 
application of doxycycline on pulp revascularization and periodontal healing in 
reimplanted monkey incisors. Endod Dent Traumatol 1990;6:170-6. 
Dogan A, Ozdemir A, Kubar A, Ovgur T. Healing of artificial fenestration defects by 
seeding of fibroblast-like cells derived from regenerated periodontal ligament in a dog: a 
preliminary study. Tissue Engineering 2003;9:1189-1196. 
Donaldson DJ, Mahan JT, Smith GN. New epidermal cell migration over collagen and 
fibronectin involves different mechanisms. J Cell Sci 1988;90:325-33. 
Douglas MK, Miller Al. Nutritional support for wound healing. Altern Med Rev 2003; 
8(4):359- 377.  
El-Backly RM, Massoud AG, El-Badry AM, Sherif RA, Marei MK. Regeneration of 
dentine/pulp-like tissue using a dental pulp stem cell/poly(lactic-co-glycolic) acid scaffold 
construct in New Zealand white rabbits. Aust Endod J 2008;34(2):52-67. 
72 
 
Feldman B, Barker T, Blum B, Kilpadi D, Redden R. Wound healing assessment of skin 
tissue scaffolds. In 6th World Biomaterials Congress Transactions; 200; USA; p. 22 
Feng F, Liu CM, Hsu WC, Hou LT. Long-term effects of gingival fibroblast-coated 
hydroxylapatite graft on periodontal osseous defects. J Formos Med Assoc 
1995;94(8):494-8. 
Gotlieb EL, Murray PE, Namerow KN, Kuttler S, Garcia-Godoy F. An ultrastructural 
investigation of tissue-engineered pulp constructs implanted within endodontically 
treated teeth. J Am Dent Assoc 2008;139(4):457-65. 
Gould TRL, Melcher AH, Brunette DM. Location of progenitor cells in periodontal 
ligament of mouse molar stimulated by wounding. Anat Rec 1977;188:133-42.  
Gould TRT. Ultrastructural characteristics of progenitor cell population in the periodontal 
ligament. J Dent Res 1983;62:873-6.  
Gronthos S, Mankani M, Brahim J, Robey PG, Shi S. Postnatal human dental pulp stem 
cells (DPSCs) in vitro and in vivo. Proc. Natl. Acad. Sci. USA 2000,97:13625–13630. 
Gulinelli JL, Panzarini SR, Fattah CM, Poi WR, Sonoda CK, Negri MR, Saito CT. Effect 
of root surface treatment with propolis and fluoride in delayed tooth replantation in rats. 
Dent Traumatol 2008;24(6):651-7. 
Hammarstrom LE, Blomlof LB, Lindskog S. Dynamics of dentoalveolar ankylosis and 
associated root resorption and ankylosis. Endod Dent Traumatol 1985; 1:96-101.  
Hasegawa N, Kawaguchi H, Ogawa T, Uchida T, Kurihara H. Immunohistochemical 
characteristics of epithelial cell rests of Malassez during cementum repair. J periodontal 
Res 2003;38:51-6.  
Hasegawa M, Yamato M, Kikuchi A, Okano T, Ishikawa I. Human periodontal ligament 
cell sheets can regenerate periodontal ligament tissue in an athymic rat model. Tissue 
Eng 2005;11:469-478. 
Hench LL, Polak JM. Third-generation biomedical materials. Science 2002;295:1014-17.  
Heijl L, Heden G, Svärdström G, Ostgren A. Enamel matrix derivative (EMDOGAIN) in 
the treatment of intrabony periodontal defects. J Clin Periodontol 1997;24:705-14. 
Hunt KT. Basic principles of wound healing. J Trauma. 1990; 30 (12): S122-127. 
Hou LT, Tsai AY, Liu CM, Feng F. Autologous transplantation of gingival fibroblast-like 
cells and a hydroxylapatite complex graft in the treatment of periodontal osseous 




Iqbal MK, Bamaas N. Effect of enamel matrix derivative (EMDOGAIN) upon periodontal 
healing after replantation of permanent incisors in beagle dogs. Dent Traumatol 
2001;17:36-45.  
Ishikawa S, Iwasaki K, Komaki M, Ishikawa I. Role of ascorbic acid in periodontal 
ligament cell differentiation. J Periodontol 2004;75(5):709-16 
Ivanovski S, Haase HR, Bartold PM. Isolation and characterization of fibroblasts derived 
from regenerating human periodontal defects. Arch Oral Biol 2001;46:679-688. 
Iwamoto M, Shibano K, Watanabe J, Asada-Kubota M, Ogawa R, Kanamura S. Culture 
of marrow stromal cells derived from bone marrow specimens formed at fracture site of 
human long bone. Bone 1993t;14(5):799-805. 
James W. Orr, Jr, Shingleton HM. Complications in Gynecologic Surgery-Prevention, 
recognition and Management. Philadelphia: J.B. Lippincott Co., 1994. 
Jansen BG, Rensburg V. Oral biology. London; Chicago: Quintessence Pub. Co, 1995.  
Jin QM, Anusaksathien O, Webb SA, Rutherford RB, Giannobile WV. Gene therapy of 
bone morphogenetic protein for periodontal tissue engineering. J Periodontol 
2003;74(2):202-13. 
Jin Q, Anusaksathien O, Webb SA, Printz MA, Giannobile WV. Engineering of tooth-
supporting structures by delivery of PDGF gene therapy vectors. Mol Ther 
2004;9(4):519-26. 
Karring T, Nyman S, Lindhe J. Healing following implantation of periodontitis affected 
roots into bone tissue. J Clin Periodontol 1980;7:96–105. 
Karring T, Isidor F, Nyman S, Lindhe J. New attachment formation on teeth with a 
reduced but healthy periodontal ligament. J Clin Periodontol 1985;12:51–60. 
Karring T, Nyman S, Gottlow J, Laurell L. Development of the biological concept of 
guided tissue regeneration: Animal and human studies. In: Caton JG., ed. Copenhagen: 
Munksgaard. Periodontology 2000 1993;1:26-35.  
Kinirons MJ, Boyd DH, Gregg TA. Inflammatory and replacement resorption in 
reimplanted permanent incisor teeth: a study of the characteristics of 84 teeth. Endod 
Dent Traumatol 1997;13:269-75. 
Kling M, Cvek M, Mejare I. Rate and predictability of pulp revascularizazion in 
therapeutically reimplanted permanent incisors. Endod Dent Traumatol 1986;2:83-89.  
Lang H, Schuler N, Nolden R. Attachment formation following replantation of cultured 
cells into periodontal defects – a study in minipigs. J Dent Res 1998;77:393–405. 
74 
 
Lam K, Sae-Lim V. The effect of Emdogain gel on periodontal healing in replanted 
monkeys' teeth. Oral Surg Oral Med Oral Pathol Oral Radiol Endod 2004;97(1):100-7.  
Lee CW.  Culturing of periodontal ligament fibroblasts on roots. A pilot study.  Thesis 
submitted in partial fulfillment of MDS [Endodontics] 2005.. 
Lekic P, McCulloch CAG. Periodontal ligament cell populations: The central role of 
fibroblasts in creating a unique tissue. The Anac Rec 1996;245:327-341. 
Levin L, Bryson EC, Caplan D, Trope m. Effect of topical alendronate on root resorption 
of dried replanted dog teeth. Dent Traumatol 2001;17:120-6.   
Lim A. Evaluation of a novel culture medium for the proliferation of periodontal ligament 
cells.Thesis submitted in partial fulfillment of MDS [Endodontics] 2007. 
Linskog S, Pierce AM, Blomlof L, Hammarstrom L. The role of the necrotic periodontal 
membrane in cementum resorption and ankylosis. Endod Dent Traumatol 1985;1:96-
101.  
Lin WL, Mccullouch CAG, Cho MI. Differentiation of periodontal ligament fibroblasts into 
osteoblasts during socket healing after tooth extraction in the rat. Anat Rec 
1994;240:492-506.  
Liu Y, Zheng Y, Ding G, Fang D, Zhang C, Bartold PM, Gronthos S, Shi S, Wang S. 
Periodontal ligament stem cell-mediated treatment for periodontitis in miniature swine. 
Stem Cells 2008;26(4):1065-73.   
Ma KM, Sae-Lim V. The effect of topical minocycline on replacement resorption of 
replanted monkeys‟ teeth. Dent Traumatol 2003;19:96-102.  
Mandel U, Viidik A. Effect of splinting on the mechanical and histological properties of 
the healing periodontal ligament after experimental extrusive luxation in the monkey. 
Arch Oral Bio 1989;34:209-17.   
Matsson L, Klinge B, Hallstrom H. Effect of periodontal healing of saline irrigation of the 
socket before replantation. Endod Dent Traumatol 1987;3:64-67. 
Miura M, Gronthos S, Zhao M, Lu B, Fisher LW, Robey PG, Shi S. SHED: Stem cells 
from human exfoliated deciduous teeth. Proc. Natl. Acad. Sci. USA. 2003,100:5807–
5812. 
Moon-IL Cho, Garant PR. Development and general structure of the periodontium. 
Periodontol 2000 2000;24:9-27. 
Mosher DF, Schad PE. Cross-linking of fibronectin to collagen by blood coagulation 
Factor XIIIa. J Clin Invest 1979; 64 (3):781-7 
75 
 
Murakami S, Takayama S, Ikezawa K, Shimabukuro Y, Kitamura M, Nozaki T, 
Terashima A, Asano T, Okada H. Regeneration of periodontal tissues by basic fibroblast 
growth factor. J Periodontal Res 1999;34(7):425-30.  
Murphy WL, Mooney DJ. Controlled delivery of inductive proteins, plasmid DNA and 
cells from tissue engineering matrices. J Periodontal Res 1999;34:413-19.  
Nanci A, Somerman MJ. Ten Cate‟s Oral Histology. 6th Ed.2003.  
Nakahara T, Nakamura T, Kobayashi E, Inoue M, Shigeno K, Tabata Y, Eto K, Shimizu 
Y. Novel approach to regeneration of periodontal tissues based on in situ tissue 
engineering: effects of controlled release of basic fibroblast growth factor from a 
sandwich membrane. Tissue Eng 2003;9(1):153-62. 
Nakahara T. A review of new developments in tissue engineering therapy for 
periodontitis. Dent Clin North Am 2006;50(2):265-76. 
Newman MG, Takie HH, Carranza FA. Carranza‟s Clinical Periodontology. 9th ed 
Philadelphia: W.B Saunders, 2002.  
Nyman S, Karring T, Lindhe J, Plantén S. Healing following implantation of periodontitis-
affected roots into gingival connective tissue. J Clin Periodontol 1980;7(5):394-401. 
Nyman  S, Gottlow J, Karring T, Lindhe J. The regenerative potential of the periodontal 
ligament. An experimental study in the monkey. J Clin Periodontol 1982; 9: 257-265  
Orban BJ, Bhaskar SN. Orban‟s oral histology and embryology. 11th ed: St. Louis: Mosby 
c1991.  
Panzarini SR, Gulinelli JL, Poi WR, Sonoda CK, Pedrini D, Brandini DA. Treatment of 
root surface in delayed tooth replantation: a review of literature. Dent Traumatol 
2008;24(3):277-82. 
Pettiette M, Hupp J, Mesaros S, Trope M. Periodontal healing of extracted dog‟s teeth 
air-dried for extended periods and soaked in various media. Endod Dent Traumatol 
1997;13:113-18.  
Pierce A, Berg JO, Lindskog S. Calcitonin as an alternative therapy in the treatment of 
root resorption. J Endod 1988;14(9):459-64. 
Prescott RS, Alsanea R, Fayad MI, Johnson BR, Wenckus CS, Hao J, John AS, George 
A. In vivo generation of dental pulp-like tissue by using dental pulp stem cells, a collagen 
scaffold, and dentin matrix protein 1 after subcutaneous transplantation in mice. J Endod 
2008;34(4):421-6. 
Rani CS, Macdougall M. Dental cells express factors that regulate bone resorption. Mol 
Cell Biol Res Commun 2000;3:145-52.    
76 
 
Rudy MC. Permar‟s oral embryology and microscopic anatomy: a textbook for student in 
dental hygiene. 10th ed, Philadenphia: Lippincott Williams & Wilkins, c2000.  
Sae-Lim V, Metzger Z, Trope M. Local dexamethasome improves periodontal healing of 
replated dogs‟ teeth. Endod Dent Traumatol 1998;14:232-6 
Sae-Lim V.  Wang CY.  Choi GW.  Trope M. The effect of systemic tetracycline on 
resorption of dried replanted dogs' teeth. Endod Dent Trauma 1998;14:127-32. 
Sae-Lim V.  Wang CY.  Trope M. Effect of systemic tetracycline and amoxicillin on 
inflammatory root resorption of replanted dogs' teeth. Endod Dent Trauma 1998;14:216-
20. 
Sae-Lim V, Ong WY, Li Z, Neo J. The effect of basic fibroblast growth factor on delayed-
replanted monkey teeth. J Periodontol 2004;75(12):1570-8. 
Sammartino G, Tia M, Marenzi G, di Lauro AE, D'Agostino E, Claudio PP. Use of 
autologous platelet-rich plasma (PRP) in periodontal defect treatment after extraction of 
impacted mandibular third molars. J Oral Maxillofac Surg 63(6):766-70 
Saygin NE, Giannobile WV, Somerman MJ. Molecular and cell biology of cementum. 
Periodontol 2000 2000;24:73-98.  
Selvig KA. The fine structure of human cementum. Acta Odontol Scand 1965;23:423-41.  
Seo BM, Miura M, Gronthos S, Bartold PM, Batouli S, Brahim J, Young M, Robey PG, 
Wang CY, Shi S. Investigation of multipotent postnatal stem cells from human 
periodontal ligament. Lancet 2004;364(9429):149-55. 
Schroeder HE. Oral structural biology: embryology, structure, and function of normal 
hard and soft tissues of the oral cavity and temporomandibular joints. Stuttgart, FDR: 
Georg Thieme, 1991. 
Sodek J, McKee MD. Molecular and cellular biology of alveolar bone. Periodontol 2000 
2000;24:99-126.   
Soder PO, Otteskog P, Frithiof L, Blomlof L, Andreasen JO. Cultivation of fibroblasts on 
human teeth. Ultrastructural observations of cells cultivated in multilayers. Int J Oral 
Surg 1979;8(3):234-40. 
Solder PO, Otteskog P, Andreasen JO, Modeer T. The effect of drying in the viability of 
the periodontal membrane. Scand J Dent Res 1976;84:164-175. 
Stadeimann WK, Digenis AG, Tobin GR. Physiology and healing dynamics of chronic 
cutaneous wounds. Am J Surg. 1998; 176(supp2A):26S-38S. 
77 
 
Stenvik A, Beyer-Olsen Ems, Abyholm F, Hanes HR, Gerner NW. Validity of the 
radiographic assessment of ankylosis. Evaluation of long-term reactions in 10 monkey 
insicors. Acta Odontol Scand 1990;48(4):265-9.  
TenCate AR. Oral histology: development, structure, and function, 5th ed: Mosby; 1997.  
Trope M, Yesiloy C, Koren I, Moschonov J, Friedman S. Effect of different endodontic 
treatment protocols on periodontal repair and root resorption of replanted dog teeth. J 
Endod 1992;18:442-497. 
Trope M, Friedman S. Periodontal healing of replanted dog teeth stored in Viaspan, milk 
and Hank‟s balanced salt solution. Endod Dent Traumatol 1992;8:183-188. 
Trope M, Hupp JG, Mesaros SV. The role of the socket in the periodontal healing of 
replanted dogs' teeth stored in ViaSpan for extended periods. Endod Dent Traumatol 
1997;13(4):171-5. 
Trope M. Clinical management of the avulsed tooth: present strategies and future 
directions. Dent Traumatol 2002;18(1):1-11. 
Wikesjö UM, Sorensen RG, Kinoshita A, Jian Li X, Wozney JM. Periodontal repair in 
dogs: effect of recombinant human bone morphogenetic protein-12 (rhBMP-12) on 
regeneration of alveolar bone and periodontal attachment. J Clin Periodontol 
2004;31(8):662-70.  
Wong KS, Sae-Lim V. The effect of intracanal Ledermix on root resorption of delayed-
replanted monkey teeth. Dent Traumatol 2002;18:309-15.  
Van Dijk, Schakenraad JM, Van der Voorf HM. et al.  Cell–seeding of periodontal 
ligament fibroblasts: a novel technique to create new attachment a pilot study. J Clin 
Periodontol 1991;18:196-199.  
Yamasaki A, Rose GG, Pinero GJ, Mahan CJ. Ultrastructural and morphometric 
analyses of human cementoblasts and periodontal fibroblasts. J Periodontol 
1987;58:192-201. 
Zander HA, Hurzeller B. Continuous cementum apposition. J Dent Res 1958;37:1035-
44.    
Zeichner-David M. Regeneration of periodontal tissues: cementogenesis revisited. 
Periodontol 2000 2006;41:196-217. 
Zhao M, Jin Q, Berry JE, Nociti FH, Grannobile WV, Somerman J. Cementoblast 




























Table 1. Comparison between different cell sheet wrapping techniques.  
 
 Our method (1) Akizuki et a., 2005 (2) Hasegawa et al., 2005 (3) 
Teeth sample Normal male dog teeth Normal female dog teeth Normal male human teeth 
Method of explant Whole tooth PDL tissue scraped from middle third of the 
root, mixed in collagen solution and incubated 
for 1 h  
PDL tissue scraped from middle 
third of the root 
Culture medium DMEM supplemented with 10% 
Fetal Bovine Serum (Hyclone), and 
1% Antibiotic-Antimycotic solution 
DMEM (Invitrogen, USA) supplemented 
with 15% fetal bovine serum 
(Invitrogen) and 1% antibiotic-antimycotic 
solution (ABAM) (Invitrogen) 
Same as (2) 
Culture condition 370 C, 5% CO2 37
0 C, 5% CO2 37
0 C, 5% CO2 
Cellular 
outgrowth 
Cellular outgrowth of canine 
periodontal ligament (PDL) 
fibroblasts was observed after 7 day 
(passage 0) 
Cellular outgrowth was in two weeks Not mentioned 
Cell confluence Culture of canine PDL fibroblasts 
reached 80% confluence after 4 
weeks (passage 0). 
Not mentioned Not mentioned 
Method of cell 
disintergration 
The cells were then scraped using 
cell scraper  
- The outgrown PDL cells 
inside the gels were released by 
digesting in 1 ml of 0.1% type 1 
collagenase (Invitrogen) in PBS at 370 C for 1 
h.  
- 0.5 ml of 0.25% trypsin-EDTA (Invitrogen) 
was then added and incubated for 5 min. 
- The cells were collected by centrifugation at 
100 g for 5 min  
Not mentioned 
Cell expansion The cell suspension was transferred 
to normal cell culture dish and 
expanded for 2 weeks (passage 1).  
- The cells were inoculated in culture medium 
(passage 1) on the normal culture dish.  
- The time of expansion was not mentioned.  
Not mentioned 
Preparation for 
cell sheet culture 
 PDL fibroblasts were seeded on a temperature-
responsive cell culture dish (35 mm diameter) 
HPDL cells (passage 3 to 5) were 
plated on temperature-responsive 
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in DMEM supplemented with 15% FBS and 1% 
antibiotic-antimycotic solution (ABAM) and 
incubated for 2 weeks at 37 C in a fully 
humidified atmosphere of 5% CO2 and 95% 
air.  
culture dishes and cultured at 
culture medium supplemented 
with 10% FBS, 50 ug/ml ascorbic 
acid phosphate ester ( Wako, 
Tokyo, Japan), and antibiotics for 
3 weeks. 
Cell sheet culture The cells (passage 1) were finally 
cultured in DMEM supplemented 
with 10% FCS and 200 ug/ml 
Ascorbic acid (Sigma-Aldrich, 
Singapore) for 2 weeks.   
The medium was replaced with above culture 
medium supplemented with 50 ug/ml of 
ascorbic and incubated for another 2 weeks. 
 
Strengthen cell-
sheet by scaffold 
 
 
Hyaluronic acid sheets (5 x 5 mm, 1 mm 
thickness, average pore diameter 30 um) were 
placed in the culture dishes as a reinforced 
carrier (hyaluronic acid carrier) and medium 
was discarded.  
 
Application of cell 
sheet 
- The cell sheet was scraped and 
collected at center of culture dish 
- The cell sheet was wrapped 
around the root by rolling the root 
over the cell sheet using sterile 
forceps. 
- The culture dishes were then placed in a low 
temperature incubator (200 C) for 30 min.  
- The PDL cell sheet with the hyaluronic acid 
carrier was detached from the surface of the 
dish 
- Using tweezer, the sheet was applied to the 
defects with the bottom side (cell sheet side) 
facing the root surface. 
- The culture dishes were 
transferred to low temperature 
incubator (200 C) for 2 hrs.  
- HPDL cell sheet was detached 
from the surface of the dish. 
- Using tweezer, the sheet was 
applied to the defects with the 
bottom side (cell sheet side) 
facing the root surface. 
Animal model of 
defects 
Delayed tooth replantation in Canine 
model 
Periodontal defects in Canine model Periodontal defects in Athymic Rat 
model 
Comparison - Simple  
- Cheap 
 
- Technical complication , time consuming 
- Expensive (culture plate, special incubator 
that could change temperature) 
- same as Akizuki et al‟s method 
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Table 2. Comparison between cell dipping co-culturing techniques 
 
 Our method  Soder et al, 1979 
Teeth sample Normal male dog teeth A 47 year-old patient 
Method of explant Whole tooth The attached gingiva in the maxillary retromolar 
region was cut into small pieces about 1mm3 
Culture medium DMEM supplemented with 10% Fetal Bovine Serum 
(Hyclone), and 1% Antibiotic-Antimycotic solution 
Eagle‟s MEM supplemented with 10% fetal bovine 
serum 
Culture condition 370 C, 5% CO2 37
0 C, 5% CO2 
Cellular 
outgrowth 
Cellular outgrowth of canine periodontal ligament (PDL) 
fibroblasts was observed after 7 days (passage 0) 
Cellular outgrowth was observed after 5 days. 
However, morphology of these cells was epithelial. 
The fibroblast-like cells were observed after 2 
weeks (passage 0).    
Cell confluence Culture of canine PDL fibroblasts reached 80% 
confluence after 4 weeks (passage 0). 
After 4 weeks (passage 0) 
Method of cell 
disintergration 
The cells were then scraped using cell scraper  - 0.25% trypsin-EDTA (Invitrogen) was added to 
disintergrate the cells. 
- The cells were collected by centrifugation at 1000 
g for 10 min  
Cell expansion The cell suspension was transferred to normal cell 
culture dish and expanded for 2 weeks (passage 1).  
- The cells were inoculated in culture medium 
(passage 1) on the normal culture dish.  
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- The time of expansion was not mentioned.  
Further cell 
culture 
The cells (passage 1) were finally cultured in DMEM 
supplemented with 10% FCS and 200 ug/ml Ascorbic 
acid (Sigma-Aldrich, Singapore) for 2 weeks.   
 
Tooth preparation - The teeth were sectioned horizontally at the cemento-
enamel junction (CEJ) using high speed diamond disks.  
- The root was surface-denuded by scrapping method 
using scalpel, endodontically treated, sterilized under UV 
light for overnight, conditioned with 17% EDTA for 30 
minutes, and finally stored in 1X PBS for cell-sheet 
wrapping and cell dipping. 
- The PDL was removed by using pumice and 
chalk and rotating brushing 
- The teeth was washed in an isotonic salt solution 
and then enzymatically treated in 2.5% trysin at 
37C for 12h.  
- The teeth was washed three time with Hanks‟ 
balanced salt solution 
Cell dipping co-
culture 
- The cells were scraped and collected in 15 ml falcon 
tube in a form of cell suspension.  
- The cell suspension was then centrifuged at 1100 rpm 
for 5 minutes to form cell pellet.  
- The medium was discarded and the cell pellet was 
suspended in 0.5ml of culture medium. 
- The treated roots were dipped in 0.5ml of 10 million of 
PDL fibroblasts suspension for 30 min.  
- The root was subsequently cultured in DMEM 
supplemented with 10% FCS and 200 ug/ml Ascorbic 
acid overnight at 370 C, 5% CO2      
- The cleaned teeth were palced in beakers 
containing a semisolid medium composed of 2% 
agar and 2X Eagle‟s medium mixed 1:1.  
- The teeth were held until the agar had solidified 
and formed an alveolus around the root.  
- The teeth were removed and each alveolus was 
filled with a cell suspension containing 1x106 
cells/ml.  
- The teeth were repositioned into the alveolus and 
incubated at 37C for 12h.  
- The teeth were transferred to tissue culture tubes 
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 containing Eagle medium for 3 weeks.   
Application of cell 
dipping 
- A full mucoperiosteal flap was raised and alveolar bone 
socket was prepared using high speed round surgical 
bur (Dentsply Maillefer, Ballaigues, Switzerland).  
- Cell-coated roots were replanted and submerged in 
alveolar bone socket.  
- The composite resin and wire was pinched off and the 
flap was finally repositioned over the replanted roots and 
closed using resorbable sutures.   
 
Animal model of 
defects 
Delayed tooth replantation in Canine model In vitro model for SEM evaluation 
Comparison + Simple  
+ Ascorbic Acid was added to stimulate cell secretion of 
extracellular matrix (collagen) 
+ More cells used to ascertain entire root surface is 
covered by fibroblasts   












Table 3. Statistical comparison of different periodontal healing pattern for different groups. A) For 6 groups: Negative control [N], 
Positive control [P], Cell Sheet wrapping, 6-weeks [CS (6w)], Cell Dipping co-culturing, 6-weeks [CD (6w)], Cell Sheet wrapping, 12-
weeks [CS (12w)] and Cell Dipping co-culturing, 12-weeks [CD (12w)]. B) For four groups: Negative control [N], Positive control [P], 


















Periodontal healing Group (n) Minimum (%) Maximum (%) Mean ± SD (%) Median (%) Kruskal-Wallis Group comparision Mann-Whitney
Favorable healing N (4) 81.25 92.50 87.19 ± 4.17 87.50 N vs P 0.029*
P (4) 1.25 7.50 4.17 ± 2.57 3.96 N vs CS (6w) 0.762
CS (6w) (6) 72.50 100.00 89.5 ± 10.5 89.98 N vs CD (6w) 0.686
CD (6w) (4) 81.25 100.00 90.35 ± 9.24 90.07 N vs CS (12w) 1
CS (12w) (4) 62.5 100.00 85.63 ± 18.07 90.00 N vs CD (12w) 1
CD (12w) (4) 75.00 100.00 88.44 ± 13.44 89.38 P vs CS (6w) 0.01*
P vs CD (6w) 0.029*
P vs CS (12w) 0.029*
P vs CD (12w) 0.029*
CS (6w) vs CD (6w) 0.914
CS (6w) vs CS (12w) 0.914
CS (6w) vs CD (12w) 1
CD (6w) vs CS (12w) 0.886
CD (6w) vs CD (12w) 0.886
CS (12w) vs CD (12w) 1
N (4) 1.25 7.50 2.81 ± 3.29 1.88 N vs P 0.029*
P (4) 73.75 90.00 83.64 ± 5.14 85.40 N vs CS (6w) 0.352
CS (6w) (6) 0.00 22.50 9.68 ± 8.88 10.15 N vs CD (6w) 0.886
CD (6w) (4) 0.00 13.75 6.56 ± 7.59 6.25 N vs CS (12w) 0.886
CS (12w) (4) 0.00 37.50 14.38 ± 18.07 10.00 N vs CD (12w) 0.886
CD (12w) (4) 0.00 25.00 11.56 ± 13.43 10.63 P vs CS (6w) 0.01*
P vs CD (6w) 0.029*
P vs CS (12w) 0.029*
P vs CD (12w) 0.029*
CS (6w) vs CD (6w) 0.61
CS (6w) vs CS (12w) 0.914
CS (6w) vs CD (12w) 0.914
CD (6w) vs CS (12w) 0.686
CD (6w) vs CD (12w) 0.686
CS (12w) vs CD (12w) 1
0.072


















Periodontal healing Group (n) Minimum (%) Maximum (%) Mean ± SD (%) Median (%) Kruskal-Wallis Group comparision Mann-Whitney
N vs P 0.029*
N (4) 81.25 92.50 87.19 ± 4.17 87.50 N vs CS 0.839
P (4) 1.25 7.50 4.17 ± 2.57 3.96 N vs CD 0.808
CS (10) 62.50 100.00 87.94 ± 13.16 89.95 P vs CS 0.002*
CD (8) 75.00 100.00 89.39 ± 10.72 90.80 P vs CD 0.004*
CS  vs CD 1
N vs P 0.029*
N (4) 1.25 7.50 2.81 ± 3.29 1.88 N vs CS 0.454
P (4) 73.75 90.00 83.64 ± 5.14 85.40 N vs CD 0.808
CS (10) 0.00 37.50 11.56 ± 12.59 10.15 P vs CS 0.002*
CD (8) 0.00 25.00 9.06 ± 10.45 6.25 P vs CD 0.004*



























Fig 2. Histology of Periodontium (adopted from Oral Histology, Development, Structure 












Fig 3. Sequelae of Avulsion Injury (Adopted from Textbook and color atlas of Traumatic 





























14 w – 20 w 
24w – 30w 
Surgical Stage 1 (Harvesting teeth)  
Cell culture and Tooth preparation  
Surgical Stage 2 (Implantation)  


























Fig 5. A) Diagram demonstrating teeth available for extraction and root canal treatment.                                        




sterile 1X PBS   
Rinse in 
Chlorhexidine 0.05%  














































In 70% alcohol 














HBBS and 2% 
Antibiotic  
Explants on 35mm 
tissue culture dish 











PDL fibroblasts explanted 
from root surface 
Cell outgrowth (P0) 
Cell expansion (P1) 
Add in 200ug/ml Ascorbic 





















Root  conditioning with 
17%EDTA for 30min 
Root preservation in 
1X PBS 



























Cell-sheet scrapping Cell-sheet 
Cell-sheet attaching 
to root surface 
Trypan blue staining showed 
cell-sheet attached to root 
surface  
Root and cell preparation 







Fig 10. Sequence of procedures for each tooth during cell dipping co-culturing. Adapted 





Root preparation Cell scrapping and collecting 
in 15 ml falcon tube 
Root dipped in suspension of 
10x10
6
 PDL fibroblasts 
Trypan blue staining showed 





Fig 11. Sequence of procedures for implantation for roots in cell-sheet wrapping and cell 












Replant cell-coated roots 















Microtome - Step serial sections at 

















































Fig 14.  Radiographs of the representative root in negative control group (A), positive 







Fig 15. Histologic photomicrographs of the negative control group (N) in which 
immediate replantation resulted in favorable healing. A) Original magnification x40 and 
B) higher magnification x100 showing periodontal connective tissue (PL) interposing 

























Fig 16. Histologic photomicrographs of the positive control group (P) in which 1-hour 
delayed replantation resulted in replacement resorption. A) Original magnification x40, B, 
C) higher magnification x100 showing replacement root resorption in which alveolar 
bone (B) was seen directly apposed onto root dentin (D), and D) higher magnification 












2 nm 500 µm 












Fig 17. Histologic photomicrographs of the cell-sheet wrapping group (CS) illustrating 
favorable healing. A) Original magnification x40 and B) higher magnification x100 
showing periodontal connective tissue (PL) interposing between cementum (C) overlying 


























Fig 18. Histologic photomicrographs of the cell-sheet wrapping group (CS) showing in 
replacement resorption. A) Original magnification x40 and B) higher magnification x100 
illustrating replacement resorption in which alveolar bone (B) was seen directly apposed 



























Fig 19. Histologic photomicrographs of the cell dipping group (CD) illustrating favorable 
healing. A) Original magnification x40 and B) higher magnification x100 showing 
periodontal connective tissue (PL) interposing between cementum (C) overlying the 

























Fig 20. Histologic photomicrographs of the cell dipping group (CD) showing in 
replacement resorption. A) Original magnification x40 and B) higher magnification x100 
illustrating replacement resorption in which alveolar bone (B) was seen directly apposed 
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